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ABSTRACT 


The in vitro copying of natural DNAs and certain 
defined DNAs by E. coli DNA polymerase I results in the 
production of covalently linked complementary sequences 
(ie., rapidly renaturable). There is a protein, S, which 
reduces or prevents the accumulation of such sequences. Once 
formed, these sequences are perpetuated by subseguent 


copying by DNA polymerase even in the presence of S factor. 


Poly{ d(T-T-G) ed (C-A-A) ] containing no covalently linked 
complementary sequences has been prepared from a polymer 
which did contain such sequences by a physical separation of 
linked from unlinked strands in a density gradient followed 
by annealing and copying of the unlinked strands. Several 
procedures are described for the detection of incorrect 
seguences in the defined DNAs. These sequences are a problen 


especially with poly{d(I-T-G) ed (C-A-A) }. 


S factor has been purified by a combination of 
autolysis, gel exclusion chromatography, and ion exchange 
chromatography. The purified protein is associated witha 
template for the production of poly[d(A-T)ed(A-T) ]. The 


protein has a molecular weight of 9500-12,000. 


S factor blocks the accumulation of covalently linked 
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complementary sequences during the DNA polymerase-mediated 
copying of poly[{d(T-G) ed (C-A) ] and poly[{d(T-T-G) ed (C-A-A) ]. 
It is partially effective during the in vitro copying of 
RFII DNA from the bacteriophage PM2. Several models are 
presented for the mechanism of production of covalently 
jinked sequences in these DNAs and for the action of S 


factor. 


Templates for the production of unusual DNAs have _ been 
found in extracts of E. coli . These templates are not 
detectable by normal means but they can be copied by DNA 
polymerase. A by-product of an RNA polymerase preparation, 
contains templates for polypyrimidineepolypurine DNAs. A 
template for poly{d(A-T)ed(A-T)] is associated with § 
factor. This template co-purifies with S factor and remains 
associated with it in a urea-LiCi1-CsCl density gradient. The 
template is sensitive to nuclease but only after 
deproteinization. The possibile Significance of these 


templates is discussed. 
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CHAPTER I 


INTRODUCTION 


I S Factor and Unusual Template Activities in E. coli 


Extracts 


The existence of a protein called S factor which 
prevents the accumulation of covalently linked complementary 
(i-e. rapidly renaturable) DNA during Ee coli DNA 
polymerase-mediated copying of poly[{d(T-G) ed(C-A) ] was first 
reported by Paetkau (1969). The purification of S factor and 
some of its properties were subsequently described (Flintoff 
and Paetkau, 1974). A modified procedure for the 
purification of the protein as well as a further study of 
its properties comprise a portion of this thesis. The 
preparation of non-clc poly{d(T-T-G) ed (C-A-A) ]} was 
originally intended to provide an alternate substrate for S 
factor. The crude fraction (DIII) containing S_ factor 
activity used during the copying of this polymer appeared to 
contain a template for DNA of unusual sequence. The presence 
of another unusual template activity in crude S factor 
fractions was initially reported by Flintoff and Paetkau 
(1974). The characterization of both of these template 


activities is described in this thesis. The two template 
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activities, which resuit in the DNA polymerase-mediated 
production of a dG-dC rich polypyrimidineepolypurine DNA in 
one case and poly[d(A-T) ed(A-T) ] in the other, are 
interesting in light of their association with DNA 


metabolizing enzymes. 


II The Structure of DNA 


The structure of DNA postulated by Watson and Crick 
(1953) seemed likely to fulfil two major requirements of 
genetic material, i.e. to exert a specific influence on the 
cell and to self-duplicate. The specificity of expression 
was predicted to bea property of the ordered sequence of 
the deoxynucleotide base pairs. The complementary nature of 
the two strands suggested that the molecule would be able to 
duplicate itself. This would be accomplished by each strand 
serving as a template for the formation of a new 
complementary strand. In such a scheme, replication would 
proceed semi-conservatively and indeed this was shown to be 
the case by Meselson and Stahl (1958). The discovery of an 
enzyme, DNA polymerase, which would copy DNA in vitro 
(Lehman et al. , 1958) provided a possible mediator for the 


replication process. 
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III Structures of Replicating DNA 


The circular replicating Escherichia coli chromosome 
seen by Cairns (1963) added complications to the replication 
scheme. This structure suggested that both strands were 
copied simultaneously at a replicating fork in a double- 
stranded intact circle. This presented the problem of 
copying two strands of opposite polarity at a single site. 
DNA polymerase synthesizes DNA by adding onto a 3'-hydroxyl 
terminus and no evidence has been found for synthesis in a 
3" to 5' direction (Goulian, 1971). The solution to the 
problem would seem to lie in an examination of the fine 


structure of the growing fork. 


A structure involving discontinuities in the strands in 
the region of the replicating fork seemed a likely solution. 
Several variations on this theme have been suggested 
(Okazaki et al. , 1968a; Guild, 1968) and some of these are 
shown in Figure 1a. Model C, Guild's "knife and fork" model, 
requires the action of a specific nuclease at the fork. The 
nuclease action would generate a structure resembling B. Two 
predictions may be made from Such models: there may be 
single-stranded areas in the region of the growing fork and 
there should be low molecular weight pieces of DNA in the 


growing fork. 


Evidence for single-stranded areas has come largely 


from electron microscopy. Replicating bacteriophage lambda 
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FIGURE 1. Structures of Replicating DNAs. {a) Models of the 
fine structure of the growing fork. (b) Single-stranded 
segments at the growing fork. (c) Origin of single-stranded 
segments. (N=site of nuclease action; horizontal arrows 
indicate a temporal sequence; other arrows indicate the 


direction of replication). 
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DNA has single-stranded regions at the growing points (Inman 
and Schnos, 1971). Lambda DNA is circular and replication 
proceeds in both directions around the circle at early times 
after induction. The most frequently found structures are 
shown in Figure 1b, structures D and E. Replicating 
bacteriophage T4 DNA has single-stranded regions (Delius et 
al. , 1971) in the form of "whiskers" at the growing points 
(structure F, Figure 1b). These "whiskers" are thought to 
arise from structures such as D (Figure 1b) by a collapse of 
the parental single-stranded segment against its complement 
forcing out the newly-replicated strand. Replicating 
bacteriophage T7 DNA, a linear molecule, also showed single- 
stranded segments in the replicating fork (Wolfson and 
Dressler, 1972). Some common features of the single-stranded 
regions in these three DNAs are: they always occur on the 
daughter segment of the growing fork; and they are found in 
a trans arrangement (structure E, Figure 1b) if they are at 
more than one fork within a branch. These single-stranded 
segments could arise from structures such as B or C (Figure 


1a) as shown in Figure 1c (Wolfson and Dressler, 1972). 


The second prediction, that there should be low 
molecular weight pieces of DNA in the growing fork, has also 
been fulfilled. This has been demonstrated for E. coli and 
B. subtilus (Okazaki et al. , 1968a), T4 (Sugino and 
Okazaki, 1972) and some mammalian cell DNAS (Painter and 


Schaeffer, 1969; Schandl and Taylor, 1969). The smail DNA 
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pieces, "Okazaki pieces", are usually in the size range 8- 
11S and can be found by sedimentation of pulse-labelled DNA 
in either alkaline or neutral sucrose gradients. The small 
pieces are eventually incorporated into high molecular 
weight DNA (Okazaki et al. , 1968a; Painter and Schaeffer, 
1969; Schandl and Taylor, 1969). This last step may be 


performed by polynucleotide ligase (Okazaki et al. , 1968). 


There is a difference of opinion as to whether 
discontinuous replication occurs on one daughter arm of the 
replicating fork as in structures B or C (Figure 1a) or on 
both as in structure A (Figure 1a). The asymmetric 
arrangement of the single-stranded segments in T4, lambda 
and T7 supports models such as B or C. However, pulse- 
labelling experiments, in T4 for instance (Sugino and 
Okazaki, 1972) show that all the labelled material was of 
low molecular weight. Low molecular weight DNA fron 
replicating lambda or T4 DNA shows no asymmetry in its 
hybridization to separated strands (Ginsberg and Hurwitz, 
1970). Guild's "knife and fork" model (C, Figure 1a) can 
accommodate symmetric production of "Okazaki pieces" if it 
is combined with a structure like A (Ginsberg and Hurwitz, 


1970). 
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IV Initiation of DNA synthesis 


Assuming that the discontinuous model for replication 
is correct, then the initiation of the low molecular weight 
fragments must be accounted for. All known DNA polymerases 
require a template and a primer with a 3'-hydroxyl group 
(Kornberg, 1969; Kornberg and Gefter, 1972; Goulian, 1971). 
It has been suggested that specific oligonucleotide 
fragments may function as primers (Goulian, 1968) by 
hydrogen bonding to the template in short homologous 
regions. Short oligonucleotide fragments have been found in 
E. coli (Goulian, 1968; Schandi, 1972) and in mammalian 
cells (Schandl and Taylor, 1971). These fragments, varying 
from 8 to 12 nucleotides in length are much smaller than 


"Okazaki pieces". 


DNA polymerase cannot initiate new strands de novo 
(Richardson, 1969) but RNA polymerase can. Several DNA 
polymerases will utilize a DNA template and an RNA primer 
(Wells et al. , 1972; Chang and Bollum, 1972). Early 
indications that RNA synthesis might be involved in 
initiation of DNA synthesis came from studies of the 
inhibition of new DNA synthesis by rifampicin, an antibiotic 
which blocks RNA polymerase. This was observed for 
bacteriophage M13 (Brutlag et al. , 1971) and E. coli (Lark, 
1972). Through the use of temperature sensitive RNA 


polymerase mutants, Geider and Kornberg (1974) have recently 


shown that RNA polymerase is definitely involved in M13 
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replication and that it produces an RNA primer in a specific 
region of the chromosome. “Okazaki pieces" from E. coli 
(Sugino et al. , 1972; Hirose et al. , 1973) and Ehrlich 
ascites tumour cells (Sato et al. , 1972) seem to have an 
RNA segment associated with them. In the in vitro systems, 
permeable E. coli celis (Sugino and Okazaki, 1973) and 
isolated nuclei containing replicating polyona DNA 
(Magnusson et al. , 1973), there is an RNA segment 
covalently linked at the 5' end of the DNA fragments. If RNA 
segments were covalently linked to the DNA in vivo as well, 
they would presumably be excised rather than joined into 
high molecular weight DNA. The covalent linkage to DNA and 
therefore initiation function of RNA has not been 


unequivocally demonstrated in vivo. 


V Polymerases Involved in DNA Replication 


Although numerous proteins are involved in DNA 
replication, of central importance is DNA polymerase itself. 
In E, coli there are three known DNA polymerases designated 


I, II, and III in order of their discovery. 


The properties of DNA polymerase I have been reviewed 
by Kornberg (1969) and will be briefly outlined here. The 
polymerase consists of a single polypeptide chain of 
molecular weight 109,000. It binds to DNA at single-stranded 
regions and to nicks and ends but not to double-stranded 


areas. All four deoxynucleoside triphosphates compete for a 
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Single binding site. The polymerase performs several 
enzymatic functions among which are polymerization in a 5! 
to 3" direction, hydrolysis of DNA in a 3" to 5 direction 
and ihydrolysts of DNA in a 5* to 3* direction. The 
polymerase has an absolute requirement for a template and a 
primer with a 3'-hydroxyl group. The templates are copied 


with a very low frequency of errors. 


The availability of the amber polA mutants, deficient 
in DNA polymerase I (De Lucia and Cairns, 1969), facilitated 
the discovery of the two other polymerases, II (Knippers, 
1970) and III (Kornberg and Gefter, 1971). Several features 
distinguishing polymerases II and III from I are shown in 
Table I in terms of inhibitors (Table Ia) and template 


requirements (Table Ib). 


There has been much speculation as to the precise 
division of labour among the three polymerases during 
replication. Polymerase III is considered essential for 
replication since temperature sensitive mutations in the 
polymerase III gene are lethal at non-permissive temperature 


(Gefter et al 


, 1971). Amber mutants deficient in 
polymerase II (Hirota et al. , 1972a) and polymerase I are 
altered in their ability to repair DNA (Masker et al. , 
1973; De Lucia and Cairns, 1969). It has been proposed that 
polymerase I is a repair enzyme and not essential for 
replication. Observations by Okazaki et al. (1971), and Tait 


and Smith (1974) suggest that polymerase I is involved in, 
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TABLE I 


a) Inhibition 


Polymerase Inhibited 


Inhibitor : 5 is Wika BE Reference 
N-ethylmaleimide : = + + 1 
Antiserum vs polymerase I + - - 1 
Ethanol (5%) + + i 2 
Inceased ionic strength - - + 2 
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b) Template Requirements 


Template BE Lis { lb Reference 
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References: 1. Kornberg and Gefter (1971). 
2. Kornberg and Gefter (1972). 
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but not essential for, some early processing of low 
molecular weight DNA before its incorporation into high 
molecular weight material. It is perhaps significant that 
pola mutants contain residual polymerase I activity at 0.5 
to 2% of the level found in wild type cells (Lehman and 
Chien, 1973); in fact recent unpublished genetic evidence 
from the same group has shown that polymerase I is essential 
in replication of the E. coli chromosome. Polymerase I is 
apparently indispensable for other functions. The 
Maintenance of the colicinogenic factor E1 does not require 
polymerase III (Goebel, 1972) but it does require polymerase 
I in an apparently replicative function (Kingsbury and 
Helinski, 1973). Similarly, the bacteriocinogen Clo DF13 and 
the minicircular DNA of E. coli 15 require polymerase I but 
not polymerase III (Veltkamp and Nijkamp, 1973; Goebel and 


Schrempf, 1972). 


A number of proteins in E. coli have been implicated in 
DNA replication by virtue of their mutation to temperature 
sensitive forms which prevent DNA synthesis at restrictive 
temperatures. These proteins are products of the dna loci. 
The mutants fall into two groups (Hirota et al. , 1972b): 
those affecting initiation, dna A and dna C; and those 
affecting DNA elongation, dna B, D, E, F, and G. The dna E 
locus is the structural gene for polymerase III (Gefter et 
al. , 1971). The dna F gene product is a ribonucleotide 


reductase (Fuchs et al. , 1972). The dna G and dna C gene 
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products have been isolated (Wickner et al. , 1973a,b) 
although their functions are unknown. The dna G and dna C 
products have molecular weights of 60,000 and 25,000 
respectively. The dna cC and dna D products co-purify and 
there is genetic evidence that the loci are the same 


(Wechsler, 1972). 


VI Chemically Defined DNAs 


The work described to this point has involved largely 
in vivo replication. In vitro studies also reveal many 
interesting facets of DNA synthesis. Useful templates for 
such studies have included isolated bacterial and 
bacteriophage DNAs as well as DNA polymers of defined 
sequence. The defined polymers were used extensively in the 
studies to be reported in this thesis. Therefore it is 


useful to consider their properties. 


Chemically defined DNA polymers were initially designed 
as templates for transcription into polyribonucleotides of 
defined sequence and also as specific probes for the 
chemistry and enzymology of DNA (Khorana et al. , 1965). The 
synthesis of specific oligodeoxynucleotides is accomplished 
by the sequential chemical condensation of nucleotides with 
appropriately protected groups followed by removal of the 
protecting groups and isolation of the oligomers (Ohtsuka et 
al. , 1965). Some of the oligomers which have been used to 


make high molecular weight DNA polymers are listed in fable 
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DNA polymerase I and the appropriate deoxynucleotide 
triphosphates can be used to copy these oligomers into high 
molecular weight polymers if three requirements are met: 

a)- Both members of a pair of complementary oligomers 

ate’ present. (Wells et “alc ,. 1965; Wells et al. , 

1967b). This demonstrates the requirement for a primer 

and a template. 

b). The oligomers are at least a certain mininun 

length. For poly{d(A-T)ed(A-T) ] (Kornberg et al. , 

1964) and poly{d(T-G) ed (C-A) ] (Wells et al. , 1965) the 

minimum size is an octanucleotide. The copying reaction 

has a lag period of 2 to 4 hours which is followed by 

rapid synthesis. The use of larger oligomers (10 or 12 

residues) decreases the lag period to iess than one 

hour. For repeating trinucleotide oligomers, the 

, 1967b) and for repeating tetranucleotide oligomers 

again 12 residues (Wells et al. , 1967a). 

c). The complementary oligomers are able to form 

antiparallel Watson-Crick base pairs (Wells et al. , 

1967b). For instance, with oligo[d(A-T-C) ] plus 

oligo{d(A-T-G) ] (of lengths 12 and 15 respectively) 
there is extensive synthesis of a polymer having 
strands of opposite polarity while oligof[d(A-T-C) ] with 


oligo[d(T-A-G) ] showed no reaction. 
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TABLE II 


Defined Sequence Oligodeoxynucleotide 
Precursors to Polydeoxynucleotides 
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1 . 3 4 
a(t) 2 a(T-G) 3 a(T-T-G) § a(f-A-T-C) 7 
d (A) a (C-A) d (C-A-A) d (T-A-G-A) 
a(T-c) 2 a(f-T-C) 5 ad(T-T-A-C) 7 
d (G-A) d (G-A-A) d (T-A-A-G) 
a(A-T) ¢ a(T-A-c) § 
d (G-T-A) 
d(A-T-C) 5 
d (G-A-T) 
a(T-C-c) 6 
a (G-G-A) 


10ligomers are shown in complementary pairs. 

Oligomers were used for synthesis of polymers by: 
2Byrd et al. (1974); 3Wells et al. (1967b); 
*Kornberg et al. (1964); SWells et al. (19671); 
6Morgan et al. (1974); 7Welis et al. (1967a). 
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Nearest neighbour analyses and differential labelling 


of the strands (Wells et al 


e 
——_ 


, 1965; Wells et al. , 1967a,b) 
have shown that both strands of the polymers are synthesized 


egually. 


The copying of the various oligomers by DNA polymerase 
I produces high molecular weight polymers of the correct 
sequence. The polymers can be used as templates for 
subsequent copying although in some cases such as poly[{d(T- 
T-G) ed (C-A-A) ]], poly{[d(T-T-C) ed (G-A-A) ], poly[d (T-C) ed (G- 
A) ], and the repeating tetranucleotide polymers, there have 
been problems with the facility and/or fidelity of copying 


(Wells et al. , 1967a,b). 


Two mechanisms have been considered for the production 
of high molecular weight polymers from oligomers. The first 
(Figure 2a) is a reiterative mechanism of synthesis- 
slippage-synthesis (Kornberg et al. , 1964). This mechanism 
was originally postulated for oligof{d(A-T) ] but also applies 
to any Oligomers with repeating units. A second mechanism 
(Figure 2b), the staggered mechanism, requires’ the 
association of complementary oligomers to form a double- 
stranded complex with single-stranded gaps (Burd and Wells, 
1970). The gaps would be filled in by DNA polymerase or by 
alignment of the oligomers. The two mechanisms are not 
mutually exclusive since slippage obviously would play a 
role in the alignment of the oligomers for the second 


mechanism and may be involved in the extension of the 
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3' COTKOLKO ————~> 3' BeootoctoO 
SYNTHESIS 
SLIPPAGE 


'OtO1+-O1+-6-8-0-8 '  OfFO-1--O-1-- 
3 < 5 


3' #O-#-6-0-0-0-0-1-0 $F B-@-1-O-1+O-1-0 
SYNTHESIS 
b 
5' o0O1O0 O-0-1+-0-0 ASSOCIATION 
3’ O-O-+O-1-O O-O-1+0-1+O 
ALIGNMENT | 
X GAP FILLING BY 


5' Of-OO0 O11 0-00-00 
3 : DNA POLYMERASE 


X= SINGLE STRANDED NICK 


FIGURE 2. Mechanisms for Production of High molecular Weight 
Polymers from Oligomers. (a) reiterative mechanisn; (b) 
staggered mechanism. Repeating units: (n-a) parental; (s-«) 
newly formed. 
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The copying of high molecular weight template polymers 
is believed to proceed by two mechanisms: slippage (Figure 
3a) and strand displacement (Figure 3b) (Coulter et al. , 
1974). Increasing the length of the repeating unit from a 
di- to a tri- to a tetranucleotide would make slippage less 


likely. 


The polymers copied from the oligodeoxynucleotides are 
high molecular weight, double-stranded, DNA-like molecules 


(Wells et al 


« 1965). For example, the molecular weight of 
poly{d(T-G)ed(C-A)] can be as high as Les Electron 
micrographs of poly{d(T-G)ed(C-A) ] show rigid double- 
stranded molecules of length 0.5 microns. The 
physicochemical properties (Tm, extinction coefficients, 
buoyant densities, and CD spectra) of the high molecular 
weight polymers (Wells et al. , 1970) showed variations fron 
predictions based on natural DNAS and base composition. 


These variations are likely due to the regular sequence. 


Polypyrimidinespolypurine DNAS differed from their 
mixed pyrimidine-purine seguence isomers in their template 
Capacity, transcription rates, extinction coefficients, 
Tm's, buoyant densities, actinomycin D binding, ability to 
form 3-stranded structures and x-ray diffraction patterns 
(Wells et al. , 1970). The mixed pyrimidine-purine isomers 


showed a closer resemblance to natural DNAs. The segregation 
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—— so flawy_ 
r) Ca 3' —————_- 
Jars tesa ee high fpPAGE 
DNA POLYMERASE 


i 


STRAND DISPLACEMENT 


FIGURE 3. Slippage and Strand Displacement Models for 
Copying of High Molecular Weight DNA Polymers. (a) slippage 
mechanism; (b) strand displacement. (-) parental DNA; (900) 
newly formed DNA. 
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of the smaller pyrimidine and the larger purine bases into 
different strands in a polypyrimidine*spolypurine DNA may 


cause a structural change from the normal double helix. 


DNA polymers of defined sequence and the specific mRNAS 
transcribed from them have been put to many uses some of 
which have been reviewed by Khorana et al. (1966). They 
include transcription studies, amino acid incorporation and 
codon assignments using defined mRNAs, missense to sense 
suppression studies and translation studies. The DNA polymer 
poly[{d(T-G) ed (C-A) ] has been particularly convenient for 
studies of S factor activity and synthesis of covalently 
linked complementary DNA (Flintoff and Paetkau, 1974; 


Coulter et al. , 1974). 


VII DNA with Covalently Linked Complementary Sequences 


Covalently linked complementary DNA is a_ peculiar 
structure which results in rapid renaturation of DNA. 
Normally, renaturation is a second order reaction limited by 
the rate of collision between complementary sequences 
(Wetmur and Davidson, 1968). However, a covalent link 
between complementary sequences provides a Stable nucleation 
site permitting very rapid reassociation. Such structures 
are referred to as clic for "covalently linked complementary" 
(Morgan and Paetkau, 1972). There are several ways, both 


artificial and natural, that such structures can arise. 
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Cross-links between complementary DNA strands can be 
introduced chemically by bifunctional alkylating agents such 
as nitrous acid (Becker et al. , 1964) nitrogen mustards 
(Kohn et al. , 1966), or certain antibiotics such as 
mitomycin or porfiromycin (Iyer and Szybalski, 1964). Such 
cross-linked DNAs behave like double-stranded DNA after 
denaturation, i.e. they have a buoyant density in CsCl 
typical of double-stranded DNA and they retain transforming 


activity. 


influenzae, and calf thymus appear to contain 5-6% 
renaturable DNA (Alberts and Doty, 1968). The renatured DNA 
is of double-stranded character. The stability of the 
linkage suggests that it is covalent. It has been suggested 
that the covalent link in this case is a result of shearing 
and is therefore probably an artefact of isolation (Alberts, 


1968) . 


Terminal cross-linking of DNAs can be produced by 
various enzymatic means. Weiss (1970) found that T7 DNA 
could be made 40% renaturable by an ATP and magnesiun- 
dependent enzyme system from T4-infected E. coli . The 
mechanism postulated to explain this is shown in Figure 4a. 
A similar mechanism has been found in T7-infected E. coli 
(Sadowski et al. , 1974). Copying of single-stranded T7 DNA 
by T4 DNA polymerase also produces a terminally cross-linked 


structure (Englund, 1971). A model for this process is shown 
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T4 DNA 
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T4 DNA 
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FIGURE 4. Mechanisms for Enzymatic Production of Terminally 
Cross-linked T7 ONA. (a) ligase-mediated; (b) T4 DNA 
polymerase-mediated. 
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in Figure 4b. Calf thymus DNA polymerase utilizes poly{d(A) ] 
to give double-stranded structures with terminal cross-links 
(Hayes et al.- , 1971). The initial step involves a 3!- 
terminal addition of TMP residues followed by hydrogen 
bonding of these residues to the poly[{d(A) ] strand similar 
to the process seen in Figure 4b. The remainder of the 
poly{d(A) ] strand is then copied. The terminal joining in 
all these cases is a single-stranded loop. Two DNA poiymers 
may be joined at base-paired ends by T4 ligase (Sgaramella 
et al. , 1970) and in this way may produce renaturable 


structures if the joined sections are complementary. 


Cle structures may arise naturally as a consequence of 
intrastrand complementarity. The primary example of this is 
the inverted repetition or palindrome represented by the 


following simple model: 


ShaseheBeCyt GChBEA SS qe3' 


St. Sak BWG4esCiBiA and! 


Upon renaturation such structures form "hairpin" duplexes 
with single-stranded loops represented by "t". The duplexes 
are recognizable by their retention on hydroxyapatite, their 
resistance to single strand-specific endonucleases, and 
electron microscopy. Palindromes have been found in DNA from 
HeLa, Xenopus, mouse, Drosophila, and friturus cells (Wilson 


and Thomas, 1974). In these cases the "t" region appears to 
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be short. Resistance to Single strand endonucleases 
suggested a length of one nucleotide. Similar structures 
have been seen in E. coli plasmid DNA (Sharp et al. , 1973). 
In this case, electron microscopy shows the "t" region to be 
quite large. The minimum size for a single-stranded loop in 
a hairpin structure is 2-4 nucleotide residues (Scheffler et 
al. , 1968; Meselson et al. , 1972). Some evidence of 
intrastrand complementarity has been seen for the single- 
stranded DNAs of bacteriophages M13 (Forscheit and Ray, 
1970) and fd (Schaller et al. , 1969). These structures 
cannot be considered palindromic since the DNA is single- 


stranded. 


Cic DNA may arise from the growing fork of replicating 
DNA. Guild's (1968) "knife and fork" model of replication 
predicts the occurrence, however transient, of a (ong Ie 
structure at the growing fork. There is evidence for such a 
structure in the apparently double-stranded character of 
pulse-labelled T7 DNA (Barzilai and Thomas, 1970). More 
conclusive evidence comes from a consideration of electron 
micrographs of replicating circular colicin E1 DNA (Fuke and 
Inselburg, 1972). Among the single-branched circles of the 
rolling circle type are some having supercoiling in the 
circular segment. This suggests a topological constraint to 
unwinding at the joining of the branch and the circle. A 
covalent link between the newly replicated strands at the 


growing fork would provide such a constraint. 
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The paucity of observations of clc structures arising 
from the growing fork in vivo is not convincing proof that 
these structures do not occur. The persistence of this sort 
of cle DNA beyond a transitory existence at replication 
would surely be lethal to the organism. Clc structures are 
best seen in DNAs that have been copied in vitro by DNA 
polymerase, where their occurrence suggests an incomplete 
reconstitution of the components of the replication 


mechanisms of the organism. 


The products of native DNA templates copied in vitro by 
E. coli DNA polymerase I rapidly renature to double helical 
structures after heat or alkaline denaturation (Schildkraut 
et al. , 1964). Electron micrographs of these products’ show 
multi-branched structures (Inman et al. , 1965). Copying of 
the circular DNA of bacteriophage PM2 also produces a multi- 
branched, renaturable structure (Masamune and Richardson, 
1971). Purified AMV polymerase and Micrococcus luteus 


polymerase produce clc DNA during in vitro synthesis (Leis 


and Hurwitz, 1972; Harwood and Wells,1970). 


The chemically defined DNA, poly[{d(T-G) ed(C-A) ] yields 
clc structures when copied by purified M. luteus or E. coli 
DNA polymerases (Harwood and Wells, 1970; Paetkau, 1969). 
This polymer is particularly well-suited to the detection of 


clc DNA since the segregation of ionizable bases into 


different strands permits the separation of non-covalently 
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linked strands in an alkaline CsCl density gradient. Clic 


poly{d(T-G) ed (C-A) ] bands at an intermediate density. 


A convenient assay for clic DNA combines the enhanced 
fluorescence of ethidium bromide when bound to double- 
stranded polynucleotides and the inability of DNAs to 
renature after heating and rapid cooling at very low salt 
(Morgan and Paetkau, 1972). (This assay is described fully 
in Chapter II). Figure 5 presents a summary of various clc 
DNAS and the structures expected following heat denaturation 


and rapid cooling. 


VIII Unusual Sequences in DNA 


The sequence of bases in DNA was predicted and found to 
be the source of the specificity of genetic expression 
through translation. However, there are sequences which may 
not be informational in the genetic sense but rather provide 
specific recognition sites for the binding of certain DNA 
metabolizing proteins. Some interactions of proteins with 
the chromosome occur with sufficient specificity that there 
are likely to be unique sequences involved. For instance, it 
has been shown by denaturation mapping that both lambda and 
P2 bacteriophage have unique locations for intiation of DNA 


synthesis (Schnos and Inman, 1970, 1971). 


Other interactions are clearly linked to sequence. An 


integral part of the operon model of Jacob and Monod (1961) 
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FIGURE 5. Cic DNAs and the Expected Results of Heat 
(x=cross-link). 
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is the operator, which, through an interaction of its 
specific sequence with a repressor molecule controls the 
transcription of a particular structual gene. Jacob and 
Monod suggested that the repressor was an RNA with a 
sequence complementary to that of the operator. The 
the lambda prophage have been extensively studied. In both 
cases the repressors are polypeptides rather than RNAS (von 


Hippel and McGhee, 1972). 


Lambda is maintained in a passive prophage state by 
blocking the transcription of essentially all lambda DNA 
except for the gene specifying the repressor (Szybalski et 
al. , 1969). The operator site can be isolated by binding 
With the repressor proteins (Pirrotta, 1973). There are at 
least four and perhaps up to twelve specific repressor 
recognition sites within the lambda operator (Maniatis et 


al. , 1973). 


Transcription of the lactose operon is blocked by the 
lactose repressor unless an inducer is present. The lactose 
repressor binds well to dA-T rich DNAs and to polyf{d(A- 
T)ed(A-T) ] itself (Lin and Riggs, 1970). This suggested that 
the operator site might be dA-T rich. The lactose operator 
has been isolated (Gilbert et al. , 1973) in much the same 
way as used for the lambda operator. Its sequence has _ been 
determined indirectly through its RNA transcript (Gilbert et 


al. , 1973). The repressor binding site consists of 24 base 
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pairs of which 16 fit into a pattern with a twofold axis of 


Symmetry as shown below (symmetry regions are bracketed): 


TG G{A AT T G T}G{A}G{C}G{G}A{T}A{A CAAT 7B} 


AC C{T T A A C A}C{T}C{G}C{C}T{A}T{T GT T A A} 


Twelve of the 16 base pairs are dA-T pairs. Such a structure 
is similar to the palindromes described previously. The 
repressor protein, a tetramer, may recognize the twofold 


axis of symmetry. 


Sequences having twofold axes of symmetry are also 
implicated as recognition sites for Type II restriction and 
modification enzymes recently reviewed by Boyer (1974). 
(Type I enzymes are complex and their specificities have not 
been elucidated). The two enzymes recognize the Same 
substrate. The restriction enzyme, an endonuclease, cleaves 
two phosphodiester bonds in the sequence unless certain 
bases in the sequence have previously been methylated by the 
modification enzyme. The Type II restriction and 
modification enzymes are best known in H. influenzae (Kelly 
and Smith, 1970), and in E. coli carrying R factors (Boyer, 
1974). It has been proposed (Kelly and Smith, 1970) that, as 
suggested for the lactose operator-repressor system, the 
enzymes may have a twofold axis of symmetry in their 


subunits permitting simultaneous action on both strands of 


the DNA. 
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The recognition sites for transcription by RNA 
polymerase also appear to be highly specific. There must be 
provision for initiation at certain DNA sites, for 
asymmetric transcription of strands and for termination of 
transcription. A correlation has been found between the 
number of poly[{r(G) ] binding sites on a DNA strand and the 
asymmetry of transcription. In the bacteriophage T7 only one 
strand is transcribed and this is the same strand which 
preferentially binds poly[{r(G) ] (Summers and Szybalski, 
1968). The transcription of lambda DNA is asymmetric ina 
given region of the chromosome and the orientation of 
poly{r(G) ] binding sites corresponds to the orientation of 
transcription in that region (Champoux and Hogness, 1972). 
On the other hand, the sites of RNA polymerase binding which 
have been examined in fd bacteriophage (Heyden et al. , 
1972) and lambda (LeTalaer and Jeanteur, 1971) appear to be 
slightly enriched for A-T sequences. Poly{d(A-T) ed (A-T) ] is 
known to bind more RNA polymerase than does T7 DNA (Jones 
and Berg, 1966). As discussed earlier, 
polypyrimidineepolypurine DNA has an abnormal double helical 
form So that the segments of such DNA responsible for 
poly{r(G) ] binding would be expected to cause local 
structural alterations in the DNA. It has been suggested 
(Szybalski et al. , 1969) that such segments adjacent to a 
specific sequence may provide recognition sites for RNA 


polymerase. The presence of the structural Singularity 
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introduced by the pyrimidineepurine segment would decrease 
the number of residues required for the sequence to be 
unique. A similar proposal (Champoux and Hogness, 1972) 
visualizes the pyrimidineepurine segments as markers for the 
division of mRNA. The pyrimidineepurine sites may also 
affect the asymmetry of the transcription. Evidence for this 
comes from the preferential transcription of the pyrimidine 
strand of defined polypyrimidineepolypurine DNAs (Morgan, 
1970). It is unlikely that factors other than sequence are 


affecting the asymmetry in this case. 


It can be calculated that in an E. coli chromosome 
comprised of approximately 3.5x10® base pairs, a sequence 
must be at least 12 base pairs long to be wunigue. 
Theoretically a protein has access to the determinant groups 
on the edges of the stacked bases through the grooves in the 
helix. However, the thermodynamic and steric demands placed 
on a protein to discriminate 12 positions in this way may be 
unrealistic (von Hippel and McGhee, 1972). Therefore other 
sequence features may be involved in a bipartite recognition 
process. A pyrimidineepurine segment (Szybaiski et al. , 
1969) or a symmetric region may provide a coarse criterion 
for identification by the protein. Similarly, the altered 
secondary structure of dAa-T rich DNA (Bram, 1971) may 
function as a specific marker for recognition. The sequence 


then involved for the fine recognition may be much shorter 


than 12 base pairs. Whatever the precise recognition 
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process, it seems likely that many proteins interact with 
DNA at specific sites by virtue of their affinity for a 


particular unusual sequence. 
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CHAPTER II 


MATERIALS AND METHODS 


I Materials 
A. Chemicals 


Unlabelled nucleotides were purchased from P-L 
Biochemicals; labelled nucleotides from New England Nuclear 
or Schwarz/Mann. The density-labelled nucleotide BrdUTP was 
prepared in the laboratory of Dr. A. R. Morgan using a 
modification (D. E. Pulleyblank and A. R. Morgan, 
unpublished) of the the procedure of Inman and Baldwin 
(1964). Ethidium bromide was obtained from Sigma; Ultrapure 
Ammonium Sulfate from Mann; phenol from McArthur Chemical 
Co.; urea from J. fT. Baker Chemical Co.; CsCl from Pierce 
Chemical Co.; cesium sulfate from American Potash and 
Chemical Corp.-; and Aquasol from New England Nuclear. The 
protein stain Coomassie Brilliant Blue was a product of 
Colab Laboratories. Other gel electrophoresis chemicals were 


purchased from Eastman Organic Chemicals. 


Agarose 15M (200-400 mesh), the mixed bed resin AG501- 
X8(D), Dowex 50WX-4, and Biogel HT (hydroxyapatite) were 


obtained from Bio-Rad. Phosphocellulose (P11) and DEAE- 
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cellulose (DE23) were obtained from Whatman. The Sephadex 
resins, G-25 (20-30 u), G-50 (20-80 u), G-75 (40-120 u), G- 
100 (40-120 u), and DEAE-Sephadex A25 were purchased fron 
Pharmacia Fine Chemicals. Blue Dextran 2000 was also 


obtained from Pharmacia. 
All other chemicals were reagent grade. 
B. Biological Materials 


Pancreatic DNase I and snake venom phosphodiesterase [I 
were obtained from Worthington Biochemicals Corp. Bacterial 
alkaline phosphatase, obtained from Worthington 
Biochemicals, was purified in the laboratory of Dr. A. R. 
Morgan by the method of Weiss et al. (1968). Pronase was 
purchased from Calbiochem and was pretreated before use by 
heating a 20 mg/ml solution at 80° for 10 minutes. E. coli 
endonuclease I was purified by Dr. W. F. Flintoff using the 
method of DeWaard and Lehman (1966). A unit of endonuclease 
I is defined as causing a hyperchromicity of 0.001 A260 at 
25°¢ cRlicobiveBtcellsg grown"toaeds/4) Yogyiphaséecding sininal 
nediun, were obtained from the Grain Processing Co., 
Muscatine, Iowa. Proteins used as molecular weight markers 
were obtained from Pharmacia Fine Chemicals. R17 


bacteriophage was a gift from Mrs. L. Frost. 
C. Nucleic Acids 


Calf thymus DNA was obtained from Worthington 
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Biochemicals; the decadeoxynucleotides oligo{d(T-G)] and 
oligo[ d(C-A) } fron Collaborative Research inc. The 
chemically defined DNA polymers have been described (Wells 
t al. , 1967). The following gifts are acknowledged: PM2 
RFIIT DNA from Dr. B. Eskin; unfractionated yeast tRNA 
(Boehringer) from Dr. C. J. Smith; and S factor free of 


poly{d(A-T) ed (A-T) ] from Dr. W. F. Flintoff. 


It Methods 
A. Preparation of Reagents 


All buffers and solutions were millipore filtered 
through an HAWP 04700 membrane before use. Urea was purified 
by passing 10 M solutions over a column (3.2x5 cm) of the 
mixed bed resin AG501-X8(D). Phenol was freshly distilled 
and saturated with buffer before use. Cesium sulfate was 


recrystallized from hot water. 


Unlabelled r- and dNTPs were dissolved in water and 
neutralized with free "Tris" base. EDTA was added to 1 mM. 
The concentrations, determined from the extinction 
coefficients, were adjusted to 20 mM and the _ solutions 
stored frozen. Working solutions of labelled r- and dNTPs 
were prepared by adding the 50% ethanol stock labelled 
Material to the corresponding 20 mM unlabelled r- or dNTP 
and removing the ethanol by evaporation. The volume was 


adjusted to give a 20 mM solution. Specific activities were 
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determined by counting samples in Aquasol in the open 
channel (see below). Specific activities were usually in the 


range 1200-3000 cpm/nmole. 


Resins were prepared according to the manufacturer's 


directions. 
B. Measurement of Radioactivity 


All radioactivity was determined in a Beckman 1LS-250 
liquid scintillation spectrometer. Acid-insoluble material 
was counted by pipetting it on filter paper discs, washing 
with 5% TCA and ethanol, drying and counting in a toluene- 
based scintillation fluid (14.4g Omnifluor, New England 
Nuclear, in 3.8 litres of toluene). Aqueous samples were 


counted in Aguasol. 


Single isotope restricted channels were used for 
double-labelling experiments and the counts were corrected 
for overlap. “Open channel" counting refers to counts from 
an unrestricted channel and includes counts from all 


isotopes present. 


Ratios of [3H]- and [1!*C]dNMPs in a polymer were 
determined by counting samples of the polymer in Aquasol 
using the restricted channels and correcting for overlap. 
The amount of each dNMP was determined from the specific 
activity of the original [3H} or [!4C]dNTP which was 


measured in Aquasol in the appropriate restricted channel. 
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C. Measurement of Fluorescence 


A Turner spectroflurometer Model 430 was used to 
determine the fluorescence of ethidium bromide bound to DNA. 
Fluorescence emission was measured at 600 nm using an 
excitation wavelength of 525 nm. The temperature was 
regulated at 25° and the fluorometer was frequently 
calibrated with a standard sample of DNA and ethidiun 


bromide. 
D. Purification of E. coli DNA Polymerase I 


E. coli DNA polymerase I was purified to Fraction 7 by 
the method of covin, ct al. , ‘(1969).. It was then 
rechromatographed on phosphocellulose as for Fraction 6 to 
yield Fraction 8. Essentially all the protein in Fraction 8 
migrated as DNA polymerase in SDS gel electrophoresis, i.e. 
approximately 90% as a protein of 109,000 molecular weight 
and 10% as a 76,000 molecular weight protein. The latter is 
a product of proteolytic cleavage, still possessing 
polymerase and the 3' to 5" exonuclease activities, but 
lacking the 5' to 3 exonuclease (Brutlag et al. , 1969). 
The specific activity of Fraction 8 was 10,000 units/ml, one 
unit being defined as the incorporation of 10 nmoles of 
total acid-insoluble nucleotide per 30 minutes at 37° with 
poly[{ d(A-T)*d (A-T) ] as template. The DNA polymerase referred 


to in all synthetic reactions reported here is Fraction 8. 


Fraction IV and Fraction 4 refer to DNA polymerase or S 
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factor in the same preparation. Fraction IV is the 
designation used in an earlier preparation of DNA polymerase 
(Richardson et al. , 1964b). Fraction 4 has a higher protein 


concentration than Fraction IV but is otherwise identical. 
E. Purification of RNA Polymerase 


RNA polymerase was prepared to Fraction 3 by the method 
of Burgess (1969) and further purified as for Fractions IIIi- 
VI by the method of Paetkau and Coy (1972), omitting the 
0.5M Agarose step and substituting DEAE-Sephadex for QAE- 
Sephadex. One unit of enzyme activity corresponds to the 


incorporation of 1 nmole labelled rNMP per hour at 37°. 
F. Preparation of DIII 


DIII was a by-product of a modification (Paetkau and 
Coy, 1972) of the Chamberlin and Berg (1962) RNA polymerase 
preparation. DIII designates the material extracted from the 
protamine pellet with 10 mM Tris-Cl (pH 8) - 0.1 M magnesium 
chloride - 0.1 mM EDTA - 10 mM 2-mercaptoethanol, 
precipitated between 45 and 65% ammonium sulfate, and 
redissolved in 20 mM potassium phosphate (pH 7.4). The 


protein concentration was 1.8 mg/ml. 


DIII contained a partly heat stable form of S factor 
activity (Coulter et al. , 1974). It was used to prevent clc 
DNA accumulation (Chapter III). DIII was usually added to 


synthesis mixtures at 1/200 (v/v) dilution. Heating DIII to 
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97° for 10 minutes removed most of the nuclease activity. 


Heated DIII was usually used at 1/20 dilution. 
G. Purification of Exonuclease III 


Exonuclease IIIf was obtained from a DNA polymerase 
preparation (Jovin et al. , 1969) and was further purified 
by rechromatography on phosphocellulose and G-100 Sephadex 
as for Fraction 6 and 7 in the DNA polymerase preparation. 
The assay was described by Richardson et al. (1964a). A [3H- 
TJpoly[d(A-T) ed(A-T) ] template was substituted. A unit of 
activity is defined as one nmole of GNMP made acid-soluble 


per 30 minutes at 37°. 


The molecular weight of the enzyme was determined by 
comparison to protein markers of known molecular weight ona 
calibrated G-100 Sephadex column and on SDS polyacrylamide 
gel electrophoresis. The values obtained were 35,000+5000 
and 15,000+5000 respectively. A second minor component seen 
on the SDS gels appeared to have a molecular weight less 
than 10,000. It was not certain whether this low molecular 
weight material was part of the exonuclease Ifi or was an 


artefact. 


H. Nuclease Assays 


(i) Nonspecific nuclease activity 


Nonspecific nuclease activity was measured in a 


reaction mixture consisting of 67 mM Tris-Cl (pH 8) - 1.3 mM 
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magnesium chloride - 1.2 mM 2-mercaptoethanol - 0.12 A260 
{ 3H-T Jpoly[{ d(A-T) ed (A-T) ] (155,000 cpm/A260 unit). Aliquots 
were removed at intervals and placed on filter paper discs 
for counting. A unit of nonspecific nuclease activity is 
defined as causing the release of one nmole of nucleotide 


per minute at 37°. 


(ii) Transfer RNA-inhibitable nuclease activity 


Nuclease activity inhibitable by tRNA was determined by 
the method of Flintoff (1973). The substrate was [ 3H-T,14C- 
C jpoly[{d(T-G)ed(C-A) ] in the presence and absence of 0.5 
A260 tRNA. One nuclease unit was defined as causing one 


nmole of nucleotide released per minute at 37°. 


I. In vitro Copying of DNAs 


(i) PM2 RFII 


PM2 DNA was copied at 37° in a synthesis mixture 
consisting of 67 mM potassium phosphate (pH 7.4) - 12 mM 
Magnesium chloride - 2 mM DTT - 0.55 mM each ANTP - 0.5 A260 
DNA - 140 units/ml DNA polymerase. S factor and labelled 


nucleotides were added as indicated. 


(ii) Polyf{ d(T-G) ed(C-A) ] and poly{d(T-T-G) ed (C-A-A) ] 


The procedures for in vitro copying of defined DNAS 
have been described (Morgan et al. , 1974). The synthesis 


reaction mixture consisted of 30 mM potassium phosphate (pH 
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7.4) - 12 mM DTT - 12 mM magnesium chloride - 5.2 mM total 
of the four dNTPs in the molar ratios at which they occur in 
the given template - 0.2 A260 DNA template - 70 units/ml DNA 
polymerase. S factor and labelled dNTPs were also present 
where indicated. Pancreatic DNase I added to stimulate 
Synthesis was usualiy at 25-50 ng/ml unless otherwise 
indicated. Transfer RNA was added at 0.5 A260 to inhibit 
endonuclease I (Lehman et ale , 1962). Transfer RNA was 
always present in poly[{d(T-G) ed(C-A) ] synthesis during S$ 
factor assays but otherwise only where indicated. The 
reaction mixture was incubated at 379. Under these 


conditions at least 30-fold copying occurred in 5 hours. 


Synthesis of poly{d(T-G)ed(C-A) ] was also performed 
using the decadeoxynucleotides, oligo{d(T-G) ] and oligo[ d(C- 
A) ]- The synthesis mixture was identical to that above 
except that 0.2 A260 of each oligodeoxynucleotide supplied 
the template, heated DIII was added at 1/20 (v/v), tRNA was 
present, and DNase I was omitted. This resulted in about 50- 


fold synthesis in 4 hours. 


(iii) Poly[ a (A-T) ed (A-T) ] 


The synthesis mixture for poly[{d(A-T) ed (A-T) ] consisted 
of 67 mM potassium phosphate (pH 7.4) - 1.4 mM 2 
mercaptoethanol - 0.2 mM TTP - 0.2 mM dATP - 6.7 OM 
magnesium chloride - 7 units/ml DNA polymerase. Template was 


provided by authentic poly[d(A-T)ed(A-T) ] at indicated 
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concentrations or by various S factor fractions containing 
the putative poly[d(A-T)°*d (A-T) ] template. Transfer RNA was 


present where indicated. 


(iv) Determining the extent of synthesis 


The extent of synthesis for both natural and chemically 
defined DNAs was determined either by the conversion of 
labelled dNTP into TCA-insoluble form measured on filter 
paper or by comparison to a standard DNA in the ethidiun 


bromide fluorescence assay (described in section K below). 


(v) Isolation of defined polymers 


Polymers were isolated where indicated by 
Chromatography on 15M Agarose (0.9x35 cm) (Morgan et al. , 
1974) after the addition of EDTA to twice the magnesiun 
concentration and Sarkosyl or SDS to 0.1%. The elution 
buffer consisted of 5 mM Tris-Cl (pH 8) - 0.1 mM EDTA. Nacl 
at 20 mM was present where tRNA had been used in the copying 
Since it resulted in separation of the tRNA from the 
excluded material. The excluded material was concentrated by 


vacuum dialysis in collodion bags versus 5 mM Tris-Cl (pH8) 


—- 0.1 mM EDTA and was stored frozen in this buffer. 
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(vi) Preparation of single strands of poly{d(T-G) ] and 


poly{d(C-A) ] 


The strands of poly[{d(T-G) ed(C-A) ] were separated in a 
preparative alkaline CsCl density gradient. The polymer was 
synthesized in the standard way with 1/20 heated DIii, 
isolated, added to an alkaline CsCl solution and centrifuged 
as shown in Figure 6. Fractions 3 to 8 and 16 to 21 
inclusive were pooled separately to obtain poly{d(T-G)] and 
poly{d(C-A) ] respectively. The pooled fractions were 
neutralized, dialyzed, and concentrated by vacuum dialysis 
versus 5 mM Tris-Cl (pH 8) - 0.1 mM EDTA. In this case 1.37 
A260 units of poly[{d(T-G) ] and 1.08 A260 units of poly[{d(c- 
A) ] were recovered. Radioactively labelied strands were 
isolated in the same way except that the positions of the 
strands were determined by the presence of TCA-insoluble 


radioactivity. 
J. Transcription by RNA polymerase 


The reaction mixture for RNA polymerase reactions 


consisted of 40 mM Tris-Cl (pH 8) - 4 mM magnesium chloride 
- 0.8 mM manganese chloride - 10 mM 2-mercaptoethanol - 50 
mM KCl - 0.2 A260 DNA template - 600 units/ml RNA 


polymerase. Ribonucleoside triphosphates were present at 
0.30 mM each for templates having equimolar fractions of 
each base; 0.25 mM and 0.50 mM for templates having 1:2 


molar fractions of the corresponding bases. The extent of 
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0 2 10 15 20 25 
FRACTION NUMBER 


FIGURE 6. Separation of Strands of Poly[{d(T-G) ed(C-A) ] by 
Preparative Alkaline CsCl Density Gradient Centrifugation. 
The polymer (3.5 A260 units) was added to a solution of 50 
mM NaOH -— 1 mM EDTA with CsCl to give a density of 1.778 
g/cm3. The solution was centrifuged in an SW 65L Ti rotor at 
38,000 rpm for 69 hours at 20°. Fractions (0.2 ml) were 
pumped from the bottom of the tube. Densities were 
determined refractometrically. The absorbance of each 
fraction was determined in 1/10 dilutions. Circles, A260; 
squares, density. 
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transcription was monitored by incorporation of 1!4C-labelled 
INTPs (specific activities in the range 2000-2500 cpm/nmole) 
into TCA-insoluble material. This general procedure for 
transcription was used to obtain different sorts of 
information in the following ways: 
a). Molar ratio of bases in the template. The template 
was transcribed in the presence of the 4 rNTPs. The 
relative incorporation of the 2 rNTPs complementary to 
one strand of the template was determined by comparing 
parallel reaction mixtures containing one or both of 
these rNTPs labelled, and otherwise identical. 
b). Base content of a template strand. The 
incorporation of a single labelled rNTP in the presence 
of each of the other three in turn was compared with 
the incorporation of the labelled rcNTP by itself. 
Dependence of incorporation of a given nucleotide on 
the presence of another nucleotide was taken as 
evidence that the pair occurred within the same strand 
of the template. 
c)- Homopolymer synthesis. Labelled rGTP or rcTP was 
the only nucleotide present. Transcription to 
poly{ r(G) ] is indicative of a polypyrimidineepolypurine 
template; poly{r(C) ] synthesis of extensive poly[{d(G) ] 


DNA (Paetkau et al. , 1972). 
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K. Ethidium Bromide Fluorescence Assays 


The enhanced fluorescence of ethidium bromide when it 
is bound to double-stranded nucleic acids (LePecq and 
Paoletti, 1967) was used in an assay specific for double- 
stranded DNA (Morgan and Paetkau, 1967). The buffers used in 
this assy were: TE buffer, 2 mM Tris-Cl (pH 8) - 0.2 mM EDTA 
for defined DNAs; or KE buffer, 20 mM tripotassium phosphate 
(pH 12) - O.2 mM EDTA for natural DNAs. The KE buffer 
eliminated the nonspecific structures found in denatured, 
non-clc natural DNAs (Morgan and Paetkau, 1972). Ethidium 
bromide was added to a final concentration of 0-5 ug/ml 
(yielding TEE and KEE buffers respectively) for fluorescence 
readings. Samples of synthesis mixtures were added directly 
to the KE or TE buffers since there is no interference from 
the components of the synthesis mixture. The sample size was 
adjusted to give a DNA concentration of 0.01 to 0.04 A260 in 
the assay. There were two main uses made of the fluorescence 
assay: 

a). Monitoring DNA synthesis. Samples removed fron 

synthesis mixtures were added to 3 ml of TE (or KE) 

buffer. Ethidium bromide was added and the fluorescence 
measured. The DNA concentration of the sample was 
determined by comparison with a standard sample of DNA. 

This method was also used for specifically measuring 

the DNA content of various enzyme fractions. 


b). Measuring clc DNA content. Duplicate DNA samples 
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were added to 3 ml of TE (or KE) buffer. One sample was 
heated in boiling water for 5 minutes then quickly 
cooled in ice. Ethidium bromide was added to both 
Samples and the fluoresence of each measured. 
Comparison with a standard DNA sample gave the double- 
stranded DNA content of each sample. The ratio of 
fluorescence in the heated sample to that in the 
unheated sample gave the fraction of clc DNA. At the 
low ionic strength used in the TE and KE buffer, DNA 
strands separated by heat denaturation are kept apart 
by ionic repulsion unless there is a covalent bond 
between complementary strands to act as ae nucleation 
site for reannealing-. This is illustrated for various 


cle structures in Figure 5 (Chapter I). 
L. Assay for S Factor Activity 


The assay for S factor activity was a direct 
application of clc DNA measurements by the fluorescence 
assay. Poly{d(T-G) ed (C-A) ] was synthesized in the usual way 
in the presence of 0.5 A260 tRNA and various concentrations 
of S factor fractions. After 5 hours aliquots were assayed 
for» elctabNAgiat BunitsyofatStfactorxvactivity is defined as 
causing a 50% reduction in cle poly[d(Tf-G) ed (C-A) ] content 
(Flintoff and Paetkau, 1974). The relationship between the 
amount of S factor added and the reduction in the percent 
clc DNA is not a simple one (Figure 18a, Chapter IV). The 


curve must often be extrapolated to reach the 50% reduction 
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level. 
M. Protein Determinations 


Protein concentrations were measured by absorbance at 


280 nm or by a modified Biuret reaction (Lane and Mavrides, 


1969). 


N. Dilution Buffers 
The following dilution buffers were used: for DNA 
polymerase, S factor, and DNase I, 0.3 mg/ml BSA - 50 aM 
potassium phosphate (pH 7.4) - 0.5 mM DTT; for endonuclease 
I, 0.25 M ammonium sulfate -— 50 mM Tris-Cl (pH 7.5) - 1 


mg/ml BSA. 
QO. Molar Extinction Coefficients of Defined DNAs 


The following extinction coefficients (nucleotide 
equivalents) were used for determining DNA concentrations: 
poly{d(A-T)ed(A-T) ], 627x103 (Inman and Baldwin, 1962) ; 
poly{d(T-G) ed (C-A) ], 6.5x103 (Wells et al. , 1970); and 
9x103 for singie strands of poly[d(T-G) ] and poly[{d(C-A) ] 


(35% hyperchromicity on denaturation). 
P. Batchwise Hydroxyapatite Analysis 


Hydroxyapatite can be used to differentiate single- and 
double-stranded DNA and therefore DNA which is renaturable 
(Bernardi, 1971). A batchwise method was used to detect clc 


DNA in natural DNAs copied in vitro - A sample of labelled 
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DNA was added to a 1.5 ml mixture containing 85 mM potassium 
phosphate (pH 6.8) - 0.2 A260 calf thymus carrier DNA. The 
mixture was heated in boiling water for 5 minutes and 
quickly cooled on ice. An equal amount of native calf thymus 
DNA carrier was added (0.2 A260). One ml of 40% 
hydroxyapatite suspension was added and mixed. After 5 
minutes the supernatant was diluted to 5 ml with 50 mM 
potassium phosphate (pH 6.8) and removed. The hydroxyapatite 
was extracted three times with 50 mM potassium phosphate, 
then with 0.10 M potassium phosphate until aliquots counted 
in Aquasol indicated that all unadsorbed material had been 
removed. Single-stranded DNA was eluted by two extractions 
with 0.16 M potassium phosphate; double-stranded DNA by two 
extractions with 0.24 M potassium phosphate. The percentage 
of total DNA in each fraction was determined by counting 


aliquots in Aquasol. 
Q. Formic Acid-Diphenylamine Degradation 


Formic acid-diphenylamine hydrolysis was performed by 
the method of Burton (1967). Poly{d(A-T) ed(A-T) ] at 1.0-1.7 
A260 was incubated 13 hours at 30° with 2 volumes of 98% 
formic acid - 3% diphenylamine. Diphenylamine was removed by 
3 extractions with 1 volume of water and 12 volumes of 
ether. The free purine bases were removed by chromatography 
on Dowex 50WX-4 columns (0.5x8 cm). The free pyrimidine 
nucleotides were eluted with water and repeatedly 


concentrated from water to yield a sample at neutral pH. For 
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bacterial alkaline phosphatase treatment the sample was made 
50 mM in Tris-Cl (pH 8) and 5 mM in magnesium chloride. 
Alkaline phosphatase was added to 38.5 ug/ml and the mixture 
was incubated 6 hours at 37°, then subjected directly to 


electrophoresis. 


Electrophoresis was performed using Whatman 3 MM paper 
prewashed with 0.1 M sodium citrate (pH 4.15) - 1 mM EDTA 
and dried before use. The electropherogram was run with the 
same buffer on a 45 cm plate at 1500V for 1.5 hours at 22°. 
The positions of the resulting spots were determined by 
absorption of UV light. The labelled components were 
detected and measured by cutting the paper into 1.5x2 cm 
strips which were soaked in 1 ml of water in scintillation 
vials at 65° for 30 minutes. Ten ml of Aquasol was added to 
each for counting. This procedure eluted the labelled 
components from the paper and overcame the loss of counting 
efficiency caused by the citrate in the usual toluene-based 


scintillation fluid. 
R. Temperature-Absorbance Profiles 


Tn's were measured in a Gilford Spectrophotometer 
(2400) with a Haake circulating heater. Solutions were 
placed in stoppered one ml cuvettes. The composition of the 
buffers varied and is indicated where they were used. DNA 
was added to an intial concentration of approximately 0.2 


A260. The rate of temperature increase was about 0.5-1.0 
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degree/minute. The temperature and absorbance were displayed 
on a chart recorder. The Tm was taken as the midpoint of the 


increase in absorbance. 


S. Ultracentifugation 


(i) Preparative scale equilibrium centrifugation 


Centrifugation was performed in a Beckman L2-65B 
Ultracentrifuge, using new polyallomer tubes. The gradients 
were fractionated by lowering a needle to the bottom of the 
tube and pumping fractions with an LKB peristaltic pump ata 
rate of 0.4 ml/minute. Densities were determined from 


refractive index by comparison to a standard curve. 


(ii) Analytical scale ultracentrifugation 


Analytical ultracentrifugation was performed in a 
Beckman Model E ultracentrifuge with UV optics. Tracings of 
photographs were obtained with a Joyce-Loebel 


microdensitometer. 


For equilibrium banding a cell having a 4°, 12 mm Kel-F 
centerpiece and a -1° wedge window was used. The solutions 
consisted of 0.2 A260 DNA - 1 mM EDTA - CsCl to the desired 
density, with 20 mM NaOH added for alkaline gradients. The 
solutions were centrifuged at 48,000 rpm for approximately 
20 hours at 20° unless otherwise indicated. The density of 
the DNA at equilibrium was calculated by the 


isoconcentration method (Vinograd, 1963) using the beta 


beystge sb atee sonedadadte. tin ommmangen 
alt Yo on Logie sat —- a et ote, 


a eee 


cvhannbs tiie me 


“y aes re _—s . ; 


y ~ ee 


votsnpiiagade ‘ian sana avi 


Orsi nom ioed £ i 
(Aeihsan SA seats ts 
ait io gsotfoq eng a 
a | 

7g Shr a pam 

; 7 fee" 
aoO72 boatnaesan Dia 


& » wh joaro teal * pnt caate nt 


19 


La gaol cae ne 


Y-fe% am Ch Loh Ss eadved A890 6 batbasd audrdkLinpe ‘r08 
Zito i tuLor Wear _»beeg 28W wobaiy — ot = bas poekqaasas. 


: ae 


fextash «ont st ‘(a0 is anne ‘an es AW CAE S.0 ‘Yo einen’ 
ad? duthaies ou iiedis 10%) ‘bebo HOs#H Xn o¢ ehiel 1 ebhaaeh 
Yisisalizoiggs so? saad ooowee. te Ho oUVi- Jue ot0e. ‘poottaioe 
fo yriemsb si? Rea ss) Safi atte ‘2ablay, 90§ 7) | pied: os 
edt) Ge Beseluoizo | amW MEdh Live ts. AG oid 


_ Byed ons patag, ) (Eset ee boi rae 1o£9524 nevnoDes t 


51 


values determined by Ifft et al. (1961). 


Molecular weights of DNAs were determined by velocity 
sedimentation according to the method of Studier (1965). The 
cell used was a Vinograd type 1 with a 49, 12 mm Kel-F 
centerpiece with quartz windows. The DNA sample (20 ul at 2 
A260) was layered onto the solvent at low speed, then 
centrifuged at 56,000 rpm and 25°. Photographs were taken at 
8 minute intervals. The solvent consisted of 1 MM Nacl - 
0.035 M disodium phosphate - 0.015 M monosodium phosphate - 
0.1 mM EDTA, pH 6.7 for neutral runs; and 0.9 M Nacl - 0.1 M 
NaOH - 0.1 mM EDTA for alkaline runs. The DNA sample was in 
0.2 M NaOH for alkaline sedimentation. The sedimentation 
coefficient was calculated from the tracings of the 
photographs and was converted to molecular weight using the 
equations of Studier (1965). The equation for alkaline 
sedimentation has recently been shown to be valid for 
polynucleotides of the lengths encountered in this work 


(Hirose et al. , 1973). 
fT. Polyacrylamide Gel Electrophoresis 


Polyacrylamide gels (O-5x6.5 cay at Sk and 10% 
acrylamide were prepared according to the specifications 
given pip Canalco Chemical Formulations for Disc 
Electrophoresis (1968). The gels were buffered with 50 om 


sodium phosphate (pH7.2) and contained 0.1% SDS. 


The protein solutions were used directly if their salt 
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content did not raise the final concentration in the sample 
above 50 mM. Otherwise they were dialyzed versus 5 mM sodium 
phosphate (pH 7.2) and concentrated by evaporation. The 
samples consisted of 5-10 ug protein -10 mM DTT - 0.33% SDS. 
They were heated at 85° for 15 minutes to denature the 
proteins. Glycerol was added to 20% and the samples applied 
to the gels by layering under the electrophoresis buffer 
(0.1% SDS - 50 mM sodium phosphate, pH 7.2). The gels were 
run at 5 ma/gel for 1.5 to 2 hours . The gels were removed 
from the tubes and stained for 2 hours at 37° in 0.24% 
Coomassie blue - 9.8% acetic acid - 45% methanol (Burgess, 
1969). They were destained in 7% acetic acid in a Canalco 
horizontal destainer. The gels were then placed in fresh 7% 
acetic acid and incubated in the dark at 37° for 24 to 48 
hours before scanning. This reduced the background 
essentially to Zero. The gels were scanned at 540 nm ina 
Gilford spectrophotometer with a linear transport 


attachment. 


A plot of the log of the molecular weights of standard 
proteins versus their fractional migration distances yielded 
a standard curve from which molecular weights of unknowns 
can be determined (Shapiro et al. , 1967). For molecular 
weight determinations of S factor (Chapter IV) the standards 
used were ovalbumen (45,000), chymotrypsinogen A (26,000), 
R17. A protein (39,000), and R17 coat protein (13,750). The 


R17 proteins were derived from whole bacteriophage lysed 
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during the protein denaturation step. 


Tracings of gels were also used to determine the 
percentage composition of various components by comparison 


of the areas of the bands. 


CHAPTER III 


SYNTHESIS OF DEFINED DNAS AND CLC DNA PRODUCTION 


I Introduction 


During the in vitro copying of DNA polymers of defined 
sequence by E. coli DNA polymerase I, structures arise which 
have covalent links between complementary sequences. Such 
structures are referred to as clc DNA (Morgan and Paetkau, 
1972). The existence of such clc DNA was first indicated by 
the "non-denaturability" of DNA copied in vitro by DNA 
polymerase (Schildkraut et al. , 1964). The DNA _ polymer, 


poly{d(T-G) ed (C-A) ] was also seen to produce cle structures 


when copied by DNA polymerase (Paetkau, 1969). 


The detection of clc sequences in the defined DNA 
polymers, poly{ d(A-T) ed (A-T) j, poly{d(T-G) ed (C-A) }, and 
poly[{d(T-T-G) ed (C-A-A) ] by the ethidium bromide fluorescence 
assay and/or alkaline CsCl density gradient centrifugation 
is described in this chapter. A special problem was 
presented by poly{d(T-T-G)ed(C-A-A) ] in that the available 
template already contained clic sequences, In order to 
demonstrate the production of clc DNA from non-clc templates 
it was necessary to generate a non-clc template. A detailed 
study of the in vitro synthesis and detection of cic DNA has 
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been reported (Coulter et al. , 1974). 


TI Results 


Unless otherwise indicated all polymers were copied and 


isolated according to the methods described in Chapter II. 


A. Production of clc DNA in Chemically Defined DNA 
Polymers 


(i) Polyf{d (A-T) ed (A-T) ] 


The polymer polyf{d(A-T)*d(A-T) ] consists of 100% clic 
structures by definition (Chapter V, Table XI). It would be 
predicted to undergo completely reversible denaturation and 
this was always found to be the case (Morgan and Paetkau, 


1972). 


(ii) Poly[ 4(T-G) ed(c-A) ] 


Separable-stranded polyf{d(T-G)ed(C-A) ] was copied in 
the usual synthetic mixture with and without the addition of 
9 ug/ml DIII (Chapter II). After 5 hours the reaction was 
stopped and the products isolated by Agarose chromatography. 
Analytical equilibrium centrifugation in alkaline CsCl was 
used to determine the presence or absence of clc DNA as 
shown in Figure 7a,b. The polymer prepared in the absence of 
DIII showed material at a density intermediate between that 
of the poly{d(@f-G) ] and poly{daC-A)] strands (Figure 7b). 
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FIGURE 7. Analytical Alkaline Cscl Density Gradient 
Centrifugation of Poly{ d(T-G)*d(C-A) ]. Polymers were copied 
from non-clc templates (a,b), or clc templates (c,d), with 
(a,d) or without (b,c) addition of DIII. After isolation the 
polymers were centrifuged in alkaline CsCl as described in 
Chapter Ti. Densities were calculated by the 
isoconcentration method. 
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presence of DIII contained essentially no clc product. The 
results of a similar experiment using a template already 
containing clc structures are shown in Figure 7c,d. In this 
case both products contained cle structures. The molecular 
weights of the four polymers prepared above are given in 
Table JIIIa. The presence of nuclease activity in DIII was 
indicated by the lower molecular weight of the products made 


With DIII present. 


In separate experiments the clc DNA content of the 
poly[{d(T-G) ed (C-A) ] products was measured by the 
fluorescence assay. The results, which are in agreement with 
alkaline CsCl equilibrium analyses, are shown in Table IIIb. 
te was also shown that the copying of the 
decadeoxynucleotides oligo[d(T-G)] and oligo[dcC-A) ] in the 
absence of DIII resulted in clic DNA production. The polymers 
made in the absence of DIII often show a percentage of clic 
above zero when measured by the fluorescence assay. This 
background varies from one polymer preparation to another 
and may represent low molecular weight cic DNA which is not 
copied during subsequent synthesis in the presence of DIItI 


or S factor. 


It has been shown (Coulter et al. , 1974) that during 


the copying of non-clc poly[{d(T-G) ed(C-A) ] by DNA polymerase 
in the absence of S factor clc DNA increases in parallel 
with the increase in total DNA. Clc DNA was detectable after 


about twofold copying of the template had occurred. 
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TABLE III 


Characteristics of Polymers Copied from 
clic and Non-clc Templates 


SS we wr wr rs i ew ws ws we a ee ae we we ae we es ee es ee ee ee ee ee ee ee ee 


a) Molecular Weights 


Molecular Weights! Ratio@ 
Nature of Template DIITI Ss DS SS/DS 
non-clc + 62,000 204,000 0.30 
= 116,000 225,000 0452 
cle + 66,000 162,000 0.42 
= 100,000 191,000 0.52 


mm mw a ww a or ww ww a we ww we we we ww a aw a we we a we ae we Se es = = = 


1Molecular weights determined by sedimentation velocity 
ultracentrifugation (Chapter IT). 
2Determined from molecular weights. 


Template DIII *cle 
non-clc polyf d (T-G)ed(C-A) }] 1 + 0 
“= 19.5 
Oligo[d(T-G) ] + oligo[d(C-A) ] 2 a: age 
+ 34. 


1DIII at 9 ug/ml. Clc measured at 4 hours. 
2DIII at 18 ug/ml. Clic measured at 6 hours. 
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(iii) polyf da (T-T-G) #4(C-A-A) ] 


The polymer, poly{d(T-T-G) ed(C-A-A) ] was copied and 
isolated by the usual methods. The initial template and the 
product both contained 30% clc sequences as measured by the 
fluorescence assay. Analytical equilibrium centrifugation of 
the product in alkaline CsCl showed a broad band centered at 
1.757 g/cm3 as shown in Figure 8. As with poly{d(T-G) ed (C- 
A)], the ethidium bromide fluorescence assay and alkaline 
CsCl density gradient centrifugation results agreed 


qualitatively. 


B. Production of Non-clc Poly[{ d(T-T-G) ed (C-A-A) ] 


(i) Separation of strands of poly[{d(T-T-G) ed (C-A-A) ] 


The segregation of ionizable bases in poly[{d(Tf-Tf- 
G)ed(C-A-A) ] and experience with other defined polymers 
indicated that the poly[{d(f-T-G) ] and poly[{d(C-A-A) ] strands 
should be separable in an alkaline CsCl density gradient. In 
order to amplify the difference in density between the two 
strands BrdUTP was incorporated as a heavy label. A _ sample 
of poly[{ d(T-T-G) ed(C-A-A) ] containing 30% clic DNA was copied 
in the standard conditions using BrdUTP (1.8 mM) with 
{2*c JaCTP and a trace of [3H]TTP (0.2 uM) as labels. fhe 
specific activities of the labels were 1550 cpm/nmole and 
1350 3H cpm/nmole BrdUTP respectively. The replacement of 
TTP by BrdUTP resulted in 40-50% inhibition of synthesis. 


The reaction mixture and the synthetic products were 
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FIGURE 8. Analytical Alkaline Cscl Density Gradient 
Centrifugation, ' of) Poly[ d{T-I-G) ed({C-A-A) J .Contaianing,.cic 
Sequences. The polymer was centrifuged as described in 
Chapter II. Density was determined by the isoconcentration 
method. 


+55 head 


oho. oR aoeed 
of Bo £32 


62 


shielded from the light. Synthesis was monitored by the 
ethidium bromide fluorescence assay and was stopped after 7 
hours by addition of EDTA to 30 mM and Sarkosyl to 0.1%. The 
product was isolated and then subjected to preparative 
cesium sulfate equilibrium centrifugation as shown in Figure 


9. 


Fractions 4 to 7 and 22 to 24 inclusive were pooled 
separately, and neutralized, dialyzed and concentrated by 
vacuum dialysis versus 5 mM Tris-Cl (pH 8)-0.1 mM EDTA. The 
fractions pooled were assumed to consist of { 3H- 
T Jpoly{d(BrU-BrU-G) ] and [14%C-C Jpoly[d(C-A-A) ] respectively 
on the basis of their labelling. The 3H-T label occurs with 
low frequency in the poly{d(BrU-BrU-G) ] chain. There was 10- 
20% cross-contamination of iabel between the separate 
strands. The material banding at an intermediate density of 
1.52 g/cm3 contained both radioactive labels and was assumed 
to consist of [3H-T ]poly[d(BrU-BrU-G) ] covalently linked to 


( 2*C-C Jpoly{d(C-A-A) ] i-e. clic DNA. 


(ii) Synthesis of non-clc poly[{ d(T-T-G) ed (C-A-A) } 


The separated strands of poly{d{BrU-Bru-G) ed (C-A-A) ] 
were used to produce a double-stranded non-clc polymer. The 
strands, at 0.2 A260 in 5 mM Tris-Cl (pH 8)-0.1 mM EDTA, 
were annealed by heating them in boiling water for 2 minutes 
then slowly cooling (45 minutes) to room temperature. The 


annealed product was added to the usual DNA polymerase 
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FIGURE 9. Preparative Alkaline Cesium Sulfate Density 
Gradient Centrifugation Or FPOLy, 6 (BLU BEU-6) 9d (C—A-Ay 4. 
Centrifugation was performed in the a Ti 50 rotor at 40,000 
rpm for 65 hours at 20°. Fractions (0.2 ml) were pumped fron 
the bottom. Aliquots were removed for determining TCA- 
insoluble cpm in restricted and open channels. Densities 
were determined refractometrically. 
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reaction mixture containing DIII. The product was labelied 
with [!*C]dCTP and [{ 3H]dATP at specific activities of 1350 
and 1180 cpm/nmole respectively. The extent of synthesis was 
monitored by the fluorescence assay, with the results shown 
in Figure 10. The reaction was stopped at 7 hours by the 
addition of EDTA and Sarkosyl and the product was isolated. 
Analytical equilibrium centrifugation in alkaline eser 
showed predominantly separable-stranded material (Figure 


11). 


(111) Characterization of non-clc poly{d(T-T-G) ed (C-A-A) ]} 


It was necessary to demonstrate that the preparation 
contained only polyf{d(f-T-G) ed(C-A-A) ] because of the 
problems to be discussed below (section D). Three methods 
were used in this characterization: 

a). Temperature-absorbance profile. The Tm was obtained 

as described in Chapter II. It was 69° in 1/10 SSC, 

with 35% hy perchromicity in agreement with the 

literature value (Wells et al. , 1970). 

b). Ratio of [14*C ]dCTPY 3H ]JdATP. The ratio was 

determined by counting a sample of the polymer in 

Aquasol using the restricted single isotope channels as 

described in Chapter II. A sample of similarly labelled 

polyf{ d(T-G) #d(C-A) ] was used for comparison. The ratio 
of 14C-dC to 3H-dA for polyf{ 4d(T-T-G)ed(C-A-A) ] was half 


that for poly[d (T-G) ed(C-A) ], as expected. 
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FIGURE 10. Synthesis of Poly{d(T-T-G) ed(C-A-A) ] from 
Annealed Strands of Poly{d(BrU-BrU-G) ] and Poly[{d(C-A-A) }. 
The annealed strands were diluted 1/7 into a synthesis 
Mixture with 0.5 ng/ml pancreatic DNase I, 0.5 A260 tRNA, 
and 1/20 v/v heated DIII. Synthesis was monitored by the 
fluorescence assay, and converted to A260 units by 
comparison to a standard DNA. 
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FIGURE 11. Analytical CsCl Density Gradient Centrifugation 
of Poly[d(T-T-G) ed (C-A-A) }] Synthesized from Annealed Strands 
of Poly[d(BrU-BrU-G)] and Poly[{d(C-A-A) ]. The polymer was 
prepared in the presence of DIII as described in Figure 10 
and centrifuged in the usual way (Chapter II). Densities 
were determined by the isoconcentration method. The initial 
density was 1.750 g/cm3. 
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c). Transcription with RNA polymerase. Transcription of 
poly[{ d (T-T-G) ed (C-A-A) ] (Chapter II) was performed 
using various combinations of rNTPs. The results are 
shown in Table IV. There was no poly{r(G) ] synthesis 
when [1*C]rGTP was the only nucleotide present. The 
incorporation of {24#C jrCTP was dependent on the 
addition of rATP but not rGTP or ruUTP. Similarly the 
incorporation of [1*CjrUTP was stimulated by the 
addition of rGTP but not rATP or rCTP (a variable 
background anda low level of total label incorporated 
account for the apparent incorporation in the absence 
of rGTP). The ratio of [!4C]rcCTP/[1¢C]rATP incorporated 
was 1/2. 

All of these procedures confirmed that the polymer 

preparation was poly{d(T-T-G) ed(C-A-A) J]. The template was 

copied at a rate sufficient to avoid copying template 


material in DIII. 


(iv) Effect of endonuciease I treatment on clc structures 


in poly[{ 4d(T-T-G) ©d(C-A-A) ] 


Partial endonuclease I degradation was used in an 
attempt to decrease the amount of clc DNA in a poly[{d (Bru- 
BrU-G)ed(C-A-A)] polymer. It was expected that double- 
stranded cuts made by this enzyme might release material 
from the covalent linkage between complementary sequences. 


The polymer was prepared and isolated as before. The 
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Transcription of Poly[{d(f-T-G) ed(C-A-A) ] using 
Various Combinations of Ribonucleotides 


incorporation 
in 30 Minutes 
nmoles /nl 
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polyf{ d(8rU-BrU-G) ed (C-A-A) ], at 2 A260, was incubated at 379 
in a reaction mixture consisting of 67 mM Tris-Cl (pH 8) - 
6.7 mM magnesium chloride - 7 units/ml endonuclease I. 
Samples removed at various times were made 16 mM in EDTA, 
heated in boiling water for 2 minutes, and then subjected to 
preparative alkaline cesium sulfate density gradient 
centrifugation exactly as before. The distribution of MTCA- 
insoluble cpm was similar to that seen in Figure 9. 
Incubation with endonuclease I decreased the percentage of 
material occurring in the center band, i-e. clc DNA from 50% 
to 30%. This is to be expected if double-stranded cleavages 
by the enzyme are random. The effect did not appear to be 
specific to the clc DNA since all three bands were broadened 
and there was loss of resolution with increasing incubation 
time. Partial endonuclease I digestion of poly[{d(T-TI-G) ed (C- 
A-A) ] increased the incidence of anomolous sequences in 
subsequent copying (section D) and so was not used as a 


treatment of templates prior to copying with DNA polymerase. 
C. Non-clc Poly[d (T-T-G) ed(C-A-A) ] as a Template 


Non-clc poly[{d(f-T-G) ed (C-A-A) ] was used aS a template 
for subsequent copying by DNA polymerase in the usual 
reaction mixture. In one case 100 ng/ml pancreatic DNase I, 
20 ug/ml purified S factor (free of poly[{d(A-T) ed (A-T) ] 
template activity, Chapter II), and 0.5 A260 tRNA were also 
present. In a second case only DNase I was added. The 


synthesis was monitored by fluorescence. The reactions were 
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stopped and the products isolated, then examined by 
analytical alkaline CsCl density gradient centrifugation as 
shown in Figure 12. The polymer made in the presence of 5 
factor showed two well-separated bands at densities of 1.671 
g/fcm3 and 1.803 g/cm3 (Figure 12b). The polymer prepared in 
the absence of S factor showed the two outer bands and a 
band of intermediate density at 1.742 g/cm3 (Figure 12a). 
The intermediate band represents clic DNA. Fluorescence 
measurements showed 16% clc content for the polymer made 
with S factor and 37% for the one made without S factor. The 
high percent clc for the former in this case may be due to 
low molecular weight clic material which is detected by the 
fluorescence assay but not by alkaline CsCl density 
gradients. Such material does not appear to serve as a 
template. Both polymers showed Tm's which agreed with the 


1970). 


D. Defined DNA Polymers as Templates for Further 
Copying 
(i) Occurrence and detection of incorrect sequences 


arising during copying of poly[d(T-G) ed(C-A) ] 


The copying of poly[d(I-G)ed(C-A) ] was usually accurate 
and presented no problems of fidelity unless high 
concentrations of crude S factor were present. Such 
fractions contained sufficient poly[{d(A-T) ed (A-T) ] template 


(see Chapters IV and V) that  poly[{d(A-T) ed (A-T) } was 
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d(C-A-A)n SS Pht-c-oh 


p=1.666 =1.800 


PIGURE T22 Analytical Alkaline CsCl Density Gradient 
Centrifugation of Polyfd(T-T-G)ed(C-A-A) ]. Polymers were 
prepared either with (b) or without (a) purified S factor. 
The isolated polymers were centrifuged as usual for 45 
hours. Densities were determined by the isoconcentration 
method. The initial density was 1.742 g/cn3. 
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produced along with poly[d(T-G)ed(C-A) ]. The effect of 
various concentrations of crude S factor on the product 
composition during the copying of poly[{d(T-G) ed (C-A) ] by DNA 


polymerase will be described more fully in Chapter IV. 


The production of poly[{d(A-T) ed(A-T) ] during poly{ d(T- 
G)ed(C-A) ] copying was readily detectable by two methods: 

a). Ratio of [!4CjJdCMP/[ 3H]TMP incorporated and percent 
clc DNA in the product. The synthesis of poly[{d(A- 
T)ed(A-T) ] along with poly[d(T-G) ed (C-A) ] resulted ina 
decrease in the amount of [14C]dCMP incorporated 
relative to the amount of [3H]TMP, with a concomitant 
increase in the percent clc DNA measured by the 
fluorescence assay. 

b). Analytical alkaline Cscl density gradient 
centrifugation. The formation of a distinct and usually 
very Sharp band at a density of 1.722 g/cm3 revealed 
the presence of contaminating poly[{d(A-T)ed(A-T) ]. The 
poly[ d(T-G) ] and poly{[d(C-A) ] strands were well- 
resolved from the poly{d(A-T)ed(A-T) ] at densities of 
1.825 g/cm3 and 1.684 g/cm3 respectively (Weils and 


Blair, 1967). 


(ii) Effectiveness of poly[{d(T-T-G) ed (C-A-A) ] as a 


template for further synthesis 


The copying of poly[ d(T-T-G) ed (C-A-A) by DNA 


polymerase was compared to the copying of poly[{d (T-G)ed(C- 
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A)].- Two different poly[{d(T-T-G) ed (C-A-A) ] templates were 
used: A, which contained 30% clic DNA, and B, which contained 
15% clc DNA. B was prepared by copying A after endonuclease 
I pretreatment. The compositions of both A and B were found 
to be essentially 100% poly[{d(f-T-G) e«d(C-A-A) ]. The results 
are shown in Figure 13. The ratios of [14C JdCMP/[ 3H JGAMP 
incorporated were 1.69 for poly{d(T-G)ed(C-A) ] and 0.82 and 
0.83 for A and B respectively. There was essentially no lag 
period for the poly{d(T-G) ed (C-A) } template and 
incorporation was linear for 7 hours. On the other hand, 
there was a lag period of 1 to 2 hours for template A and 4 
to 5 hours for template B before the incorporation 
approached a linear rate. The poly[d(T-G)ed(C-A) ] appeared 
to be utilized as a template more effectively than polyf{d(T- 
T-G) ed (C-A-A) J]. Any manipulation of the poly[{d(T-T-G) ed (C-A- 
A)]} to reduce clc DNA, such as in producing B from A, 


further decreased its effectiveness. 


(iii) Occurrence and detection of incorrect sequences 


arising during copying of poly[ d(T-T-G)ed(C-A-A) ] 


A major problem in the production of non-clc poly[{d(T- 
T-G) ed (C-A-A) ] was the introduction of incorrect 
deoxynucleotide sequences into the product. fhe primary 
source of these wrong sequences appeared to be the 
oligodeoxynucleotide templates found in DIII or S factor 


preparations (Chapters IV and V). The addition of crude § 
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FIGURE 13. Comparison of Copying of Poly[d(TI-G) ed(C-A) ] and 
Poly[{ d(T-T-G) ed(C-A-A) J. The polymers were copied in the 
usual way with 0.5 ng/ml DNase I added to stimulate 
synthesis. The products were labelled with [3H]dATP and 
{2*C]dCTP at specific activities of 1180 and 1350 cpn/nmole 
respectively. Synthesis was monitored by incorporation of 
label into TCA-insoluble material. Counts are given as open 
channel cpm. Squares, poly{d(T-G) ed(C-A) ]; circles, polymer 
A; triangles, polymer B. 
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factor fractions resulted in extensive poly{d(A-T) ed (A-T) ] 
synthesis which was detectable by the same means described 
for poly[d(T-G) ed(C-A) ]. The addition of DIII resulted in 
the production of mixtures of polyf[d(T-T-G) ed(C-A-A) ] and 
either a poly[{d(T,G) ed(C,A) ] polymer (that is a polymer with 
random T and dG residues in one strand and dA and dc 
residues in the other), or a  polypyrimidineepolypurine 
polymer Similar to poly{ d (T-C) #d (G-A) }. This was 
particularly a problem when the poly{d(T-T-G) ed (C-A-A) ] had 
been partially degraded with endonuclease I before use as a 
template. Several methods were utilized to detect the 
presence of incorrect sequences: 
a). Transcription by RNA polymerase. This technique was 
used to detect incorrect sequences and to establish the 
nucleotide ratios in the template polymers. Some 
typical results for authentic polymers and for samples 
contaminated by polymers of incorrect sequences are 
shown in Table V. The stimulation of rCTP incorporation 
by the addition of rUTP as seen for samples D and EE 
(contaminated samples) was strongly indicative of the 
occurrence of dGMP and dAMP residues in the same 
strand. A similar argument can be made for rGTP and 
rATP. Transcription to poly[r(GTP) ] when rGTP was the 
only nucleotide present, such as for D also indicated 
polyp yrimidineepolypurine DNA content (Paetkau et al. , 
1972) . The ratio of rCMP/rAMP incorporated was a useful 


indicator of anomalous sequences if it differed greatly 
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TABLE V 


Detection of Incorrect Sequences by Transcription 


a ee a a ws ws es we a a a er re a ww ww es ae a ae a a a we Se = 


Unlabelled Incorporation (nmoles/nl) 
[14c ]JcNnTP cNTP c1 D1 Et Fi Gi 
rcTP - 0 0 136 0 - 
(2600 cpm/nmole) raTP Sen 0.6 0.8 6.5 - 
ruTP 0 12. Ge 028 0 ~ 
cGTP 0 G2 Ha | 0 - 
rGTP - 0 6.7 = 0 - 
(2100 cpm/nmole) rATP 0 ties - - - 
ruTP 6.4 AT = = - 
rcTP 0 362 = = = 
crugtP = - = - 1.3 - 
(2000 cpm/nmole) rATP a Ss = t.3 
rGTP - - = 19.7 - 
ECTP = = = V3 = 
Ratio rCMP/rAMP: OBS: Q247) i= 0.444 O02 94 ,0.90 
EXP: 0.5 O55 O25 CaS 1.0 


1C: poly[{d(T-T-G) ed (C-A-A) ] copied from authentic poly[d(T- 
T-G) ed (C-A-A) ]. 

Ds poly{d(T-T-G) ©d(C-A-A) ] + polypyrimidine*polypurine 
contaminant. 

E: polyf{ d(f-T-G) ed (C-A-A) ] + polypyrimidineepolypurine 
contaminant. 

Fs poly[{ d (T-T-G) ed (C-A-A) ] + poly[d(T,G) ed (C,A) ] 
contaminant. 

G: authentic polyf{ d(T-G) ed (C-A) ]- 
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from the expected value, as for preparation F. This 
ratio would not be expected to reveal incorrect 
sequences if there were sufficient correct sequences 
present to permit transcription with rCTP and rATP 
alone (preparation E). 

b). Alkaline CsCl density gradient centrifugation. As 
stated earlier the segregation of ionizable bases into 
one strand of poly{d(T-T-G)ed(C-A-A) ] leads one to 
expect that the strands would be separable in alkaline 
CsCl density gradients. Polymer D (contaminated with 
polypyrimidineepolypurine, Table V), despite having 2% 
clc DNA as measured by fiuorescence, showed only one 
band in alkaline CsCl as seen in Figure 14a. Polymer F, 
with 8% clc DNA did in fact show 2 bands (Figure 14b), 
however, the densities were similar to those for 
poly{[d(T-G) ] and poly{d(C-A) ] (Wells and Blair, 1967). 
Alkaline Cscr density gradient centrifugation of 
Separable-stranded poly[{ d(T-T-G) ed (C-A-A) ] was shown in 
Figures 11 and 12b. 

c).- Temperature-absorbance profile. The Tm provided a 
convenient means to detect poly{d(T,G) ed (C,A) ] 
sequences in poly[{d(T-T-G) ed(C-A-A) ] preparations. The 
Tm's of various polymers were determined in 1/10 SSC as 
described in Chapter II. The results are shown in Table 
Vi. Preparation F had a single sharp thermal transition 
and appeared to consist entirely of 


poly[ d(T,G) #d(C,A) ]- Preparation H showed 2 
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FIGURE 14, Analytical Alkaline CsCl Density Gradient 
Centrifugation of Samples of Polymers Containing Incorrect 
Sequences. The polymers were prepared in the presence of 
DIII and isolated. (a) preparation D, a product of poly[{d(T- 
T-G)ed(C-A-A) ] template pre-treated with endonuclease I 
before copying. (b) preparation F, a product of non-clc 
poLy[.a (T-T.-G) «d (C-A—A) 7. 
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TABLE VI 


Thermal Transition Temperatures for Various 
Pol y{ d (T-—T-G) ed (C-A-A) ] Preparations 


Polymer Preparation Tm (°C) * Hyperchromicity 
poly[{ d(T-G) ed (C-A) ] 78° 32% 
c 1 TO559 37% 
Fl 78° 30% 
H 2 102 8.6% 3 
789° 24% 


l1See Table V for designations of these preparations. 

2This preparation appeared to be a hixture of 
poly{[d(T,G) ed(C,A) ] and poly[{d(T-T-G) ed (C-A-A) }. 

3The total absorbance change over the two thermal 
transitions represented 34% hyperchromicity. 
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transitions. On the basis of hyperchromicity, H was 
estimated to contain 75% poly[{d(T,G)ed(C,A) ] sequences 
and 25% authentic poly[{d(T-T-G) ed (C-A-A) ]. Both F and H 
were prepared by copying an authentic poly{d(T-T- 


G) ed (C-A-A) ] template. 


Any polymer preparations suspected of containing 
undesirable sequences were tested by some or all of these 
methods. All these methods as well as the dCMP/dAMP ratio 
were used to characterize the non-clc poly[d (T-T-G) ed (C-A- 
A) ] prepared as described earlier, to prove its 


authenticity. 


The designation of the contaminant of some of the above 
preparations as poly[d(T,G) ed(C,A) ] was made on the basis of 
several criteria. The resemblance to poly[{d(T-G) ed (C-A) ] was 
indicated by the stimulation of [!*CJ]rCTP incorporation by 
rATP during transcription, the rCMP/rAMP ratio, which 
approached 1, the sharp Tm at 78° and the banding of the 
separate strands in alkaline CsCl density gradients at the 
densities expected for poly[{d(T-G) ] and poly{d(C-A) ]. No 
evidence was obtained as to the sequence in each strand, 
hence the designation as a random copolymer, 


poly{d(T,G) ed(C,A) ]. 
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III Discussion 


Cle structures have been observed in three chemically 
defined polymers: poly[{d(A-T)ed(A-T)] (a trivial case), 
poly{d(T-G)ed(C-A) ], and poly[ d(T-T-G) ed (C-A-A) ]. Their 
presence has been detected by two separate procedures: an 
ethidium bromide fluorescence assay for renaturable DNA and 
alkaline CsCl density gradient centrifugation. Clc sequences 
accumulate during the copying of non-clc poly{d(T-G) ed (C-A) ] 
or polyf{d(T-T-G) ed(C-A-A) ] by E.j coli DNA polymerase I 
unless a source of S factor, such as DIII, is present. The 
copying of DNA polymers already containing clc sequences 
always leads to the production of more clc DNA despite the 
addition of a source of S factor. For this reason special 
means were required to obtain a non-clc poly[ d(I-T-G) ed (C-A- 


A) }- 


Clc DNA production has been observed in other in vitro 
systems. M. luteus DNA polymerase produces clic poly[d(T- 
G) ed (C-A) ] (Harwood and Wells, 1970). Schildkraut et al. , 
(1964) found non-denaturable and branched structures in 
natural DNAS synthesized in vitro . By means of the 


fluorescence assay it has been observed that the product of 


in vitro copying of E. coli DNA contains 100% clc DNA 


whereas the template had 0% clc DNA (Coulter et al. , 1974). 


Polypyrimidinee polypurine DNAs such as poly{d(T-C- 


C)ed(G-G-A) ], poly[d (I-C) ed(G-A) ], and poly[d(A)ed(T)] have 
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never been demonstrated to contain clc sequences (Coulter et 
al. , 1974; Morgan et al. , 1974; Wells and Blair, 1967) 
either by the fluorescence assay or by CsCl density 
gradients. The physicochemical properties, including x-ray 
patterns, of the polypyrimidineepolypurine polymers indicate 
that they are structurally different from natural DNA (Wells 


et al. , 1970). The structural differences may cause a 


change in the copying mechanism reflected in the absence of 


cle structures. 


The two methods used here to detect cic sequences - the 
ethidium bromide fluorescence assay and alkaline Cscl 
density gradients - do not necessarily yield the same 
quantitative results. The fluorescence assay will detect 
only material which has renatured and is therefore double- 
stranded. Any excess single-stranded segments are not 
included even though they may be covalently attached to the 
double-stranded region. However, such single-stranded 
segments will be included with the cic DNA in an aikaline 
CsCl density gradient unless the segments are extensive 
enough to shift the density towards that of the single 


strands. 


Another means of detecting cic DNA in defined polymers 
is by nearest neighbour analysis. Polymers containing clic 
DNA have a significantly higher percentage of "wrong" 


nearest neighbours to dAMP (Coulter et al. , 1974). Cle DNA 


in natural DNAs may be detected by the ethidium bromide 
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fluorescence method or by hydroxyapatite chromatography. 


The use of poly[{d(f-G) ed (C-A) ] and poly[d(I-T-G) ed (C-A- 
A)] as templates for further synthesis has been considered. 
There are few problems with poly[d(T-G) ed(C-A) }. With 
poly{d(T-T-G) ed(C-A-A) ] there is a risk of introducing 
anomalous sequences especially if correct copying is 
proceeding slowly. This is in accordance with the findings 
of Wells et al. , (1967). The increased complexity of a 
repeating tri- compared to a repeating dinucleotide would be 
expected to decrease its effectiveness as a template. The 
slippage mode (Chapter I) may play a smaller role in copying 
the repeating trinucleotide. Other templates present as 
contaminants of components of the synthesis mixture, as in 
DIII or S factor, may then be copied as well as, or more 
effectively than, the desired template. This would give rise 
to the polypyrimidineepolypurine, poly{d(T,G) ed (C,A) ], or 
poly[{d(A-T) ed (A-T) ] polymers that have been observed. The 
solution to the problem was to use a highly purified S 
factor, free of polyf{d(A-T)ed(A-T) ] (Chapter II), rather 


than DIII in the copying of non-clc poly{d(T-T-G) ed (C-A-A) }. 


Although the problems with poly[{ d(T-T-G) ed (C-A-A) ] were 
eventually overcome, the poor yieids of non-clc templates 
and their inefficiency as templates for subsequent copying 
eliminates them as candidates for routine uses such as in 


assays for S factor activity. 
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Several structures are possible for clic DNA. 
Renaturable DNA copied from natural templates showed 
extensive branching (Schildkraut et al. , 1964). Hairpin 
structures occur in poly[{d(A-T) ed(A-T) ] (Scheffler et al. , 
1968). The ratio (1:2) observed for single- to double- 
stranded molecular weights (Table Tita) makes such 
structures unlikely for poly{d(T-G)ed(C-A) ]. A branched 


structure may exist for clc poly[d(T-G) ed (C-A) }. 


Possible mechanisms by which clc structures arise 
involve either the polymerase switching strands or doubling 
back to copy the new strand. These mechanisms are 


illustrated in Chapter IV (Figure 22). 
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CHAPTER IV 


PURIFICATION AND PROPERTIES OF S FACTOR 


I Introduction 


Extracts of E. coli contain a protein factor which 
prevents the accumulation of covalently linked complementary 
(clc) strands during the in vitro copying of poly{d(T- 
G)ed(C-A) ] by E. coli DNA polymerase I. This protein was 
first observed (Paetkau, 1969) in Fraction IV from an E. 
coli DNA polymerase preparation (Richardson et al. , 1964b). 
A similar activity has also been found in DIII (Coulter et 
al. , 1974), a fraction from an E. coli RNA polymerase 
preparation (Chapter II). The protein has been designated 
“se for “separability" (Coulter et al. , 1974). The 
purification from Fraction 4 and some of the properties of 
the S protein have been described (Flintoff, 1973; Flintoff 


and Paetkau, 1974). 


This chapter describes a modification of the previous 
purification procedure, problems associated with the 


purification, and further characterization of the protein. 
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II Results: Purification of S Factor 


A. Purification Procedure 


Except for some minor modifications at the autolysis 
step, the procedure up to Fraction 6 was essentially the 
same as that described by Flintoff and Paetkau (1974). 
Therefore these steps are presented in outline only. The 
buffers are given the same designations, A-F, as in the 
original method. Ail procedures were carried out at 0-49 
unless specified otherwise. The assay for S factor activity 


is described in Chapter II. 


(i) Fraction 5 


Fraction 4 was prepared according to the DNA polymerase 
purification of Richardson et al. (1964b) and included 
grinding of cells, streptomycin precipitation, autolysis, 
and ammonium sulfate fractionation. Fraction 5 was obtained 
from Fraction 4 by chromatography on DEAE-cellulose 
equilibrated with buffer A (0.2 M potassium phosphate (pH 
6.5) - 10 mM 2-mercaptoethanol - 1mM EDTA). High molecular 


weight nucleic acids are adsorbed to such a column but DNA 


polymerase and S factor are not. 
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(ii) Fraction 6 


Fraction 5 was chromatographed on G-25 Sephadex to 
remove low molecular weight nucleotidic material and salts 
and then concentrated fivefold by ultrafiltration in an 


Amicon cell (PM10 membrane). 


An autolysis was then used to break down the high 
molecular weight complex with which S factor was associated. 
The concentrated material, still in buffer A, was warmed to 
30° and magnesium chloride was added to 4 mM. Autolysis was 
monitored by the acid-solubilization of 0.5 A260 [ 14C-dC, 3H- 
T Jpoly{ d(T-G) ed (C-A) }] (120,000 cpm/A260 unit) in an aliquot 
removed from the main portion of the material at the time of 
magnesium addition and incubated under the same conditions. 
The degradation of the labelled DNA proceeded with second 
order kinetics. The autolysis was stopped by cooling when 
extrapolation of a plot of the log of the percentage of 
undegraded DNA versus time indicated there should be less 
than 1% remaining. The time required varied between 120 and 


180 minutes for different preparations. 


The cooled sample was centrifuged 10 minutes at 
10,000xg and applied by gravity to a G-75 Sephadex column 
(2.5x95 cm) equilibrated with buffer A. The elution profile 
is shown in Figure 15. S factor and a putative template for 
poly[{d(A-T)*d(A-T)] were eluted together at a partially 


included position at 50% of the column volume. This 
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FIGURE 15. G-75 Sephadex Chromatography of S Factor Fraction 
SetAntolyzed) Fractions+54 (6 mijeowas: ,applied.»toa.4 a; .G-75 


Sephadex column (2.5x95 cm) equilibrated with buffer A. The 
flow rate was 15 mil/hour and 6.4 ml fractions were 
collected. S factor and template activities were determined 
in the usual way. 
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position, relative to marker proteins of ovalbumin and 
chymotrypsinogen A ina separate run, was the same as that 
found by Flintoff and Paetkau (1974) and corresponded to a 
molecular weight of 26,000 for S factor. The material 
indicated as Fraction 6A in Figure 15 was used for some of 
the studies described in Chapter V but was not applicable 
for S factor purification because of its high template 
activity. The material designated as Fraction 6 was pooled 
(28 ml) and desalted by exciusion from a G-25 Sephadex 
column (2.5x38 cm) equilibrated with buffer B (10 mM Tris-Cl 
(pH 8) - 0.1 mM EDTA). The protein was lyophilized to 


dryness and dissolved in 2 ml of water to yield Fraction 6. 


(iii) Fraction 7 


The urea-LiCl treatment used to separate the S factor 
from a polyf{d(A-T)ed (A-T) ] template activity (Flintoff and 
Paetkau, 1974) was omitted for reasons to be discussed later 


(section C). 


(iv) Fraction 8 


DEAE-cellulose chromatography was used to reduce the 
nuclease content of Fraction 6. This procedure was similiar 
to that described by Flintoff and Paetkau (1974). The 
elution profile for this column is shown in Figure 16. SS 
factor activity was eluted between 0.10 and 0.23 M NaCl. 


Nuclease activity appeared in two areas: with unadsorbed 
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FIGURE 16. DEAE-Cellulose Chromatography of Fraction 6. One 
ml of Fraction 6 diluted with 4 ml buffer F (50 mM Tris-Cl 
(pH 8) 10% glycerol) was applied to a column (0.5x7 cm) 
equilibrated with buffer F. The column was washed with 2.5 
ml buffer F, followed by a 30 ml linear gradient (15 aol 
bufferakhjn70.903 HB tne-NaCli«45+mie buffer» F, 0.45 8; an, NaCl): at 
a -f10Ww “fate of 7.2. nlvhour. S “Lactor: and nonwspecttic 
nuclease activity were assayed in the usual way. Open 
circles, A280; squares, S factor activity; open triangles, 
{ NaCl]; closed triangles, nuclease activity. 
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protein and between 0.13 and 0.20 M WNaCl. The second 
huciease peak was not resolved from S factor activity. 
Fractions containing S factor were pooled (6.5 ml) and 
desalted on a G-25 Sephadex column equilibrated with buffer 
B. The excluded material was concentrated by lyophilization 


and dissolved in 1 ml of water to yield Fraction 8. 


The use of a larger column (1x7 cm) and gradient (150 
ml) permitted chromatography of larger amounts of Fraction 6 
at one time. However, the larger column resulted in 30-40% 
loss of S factor activity because of spreading out of the 


activity over a greater proportion of the gradient. 


(v) Fraction 9 


Residual nuclease activity was further reduced by 
chromatography on DEAE-Sephadex A25. The elution profile is 
shown in Figure 17. The main peak of S factor was eluted 
between 0.1 and 0.15 M NaCl. There was a considerable amount 
of spreading of S factor acitivity into the higher salt 
range of the gradient. Nuclease activity was reduced but not 
eliminated. Fractions containing S factor were pooled (16 
ml) and desalted on a G-25 Sephadex column (2.5x38 cm) 
equilibrated with buffer B. The excluded material was 
concentrated by lyophilization and redissolved in 1 ml of 


water to give Fraction 9. 
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FIGURE 17. DEAE-Sephadex Chromatography of Fraction 8. Two 
ml of Fraction 8 were diluted with 8 ml buffer F and applied 
by gravity to a DEAE-Sephadex column (1x5 cm) equilibrated 
with buffer F. The column was washed with 10 ml buffer F 
followed by a 100 ml linear gradient (50 ml buffer F, 0.05 M 
in Nacl; 50 ml. buffer FZ 052558 inv Nacl) at .a’filow "rate or 
12 ml/hour. S factor and nuclease activities were assayed in 
the usual way. Open circle, A280; squares, S factor 
activity; closed circles, [NaCl]; triangles, nuclease 
activity. 
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B.Characterization of S Factor Fractions 


This section summarizes various characteristics of the 
S factor fractions. All of the data refer to the same 
preparation described in Table VII unless otherwise 


indicated. 


(i) S factor activity 


A summary of the yields of protein and S$ factor 
activity for each fraction is shown in Table VII. The low 
yield of S factor activity in Fraction 6 may not be real 
Since high levels of nuclease activity in Fractions 4 and 5 
tend to mimic S factor activity as measured by the 


fluorescence assay. 


Titration curves of Fraction 6,8, and 9 (Figure 18a) 
Show the effect of increasing amounts of the various 
fractions on the percent clc DNA formed during copying of 
poly{d(T-G)ed(C-A) ]. The relationship between the amount of 
S factor added and the reduction in clic DNA is not a Simple 
One. The increase in the percent clc DNA at high levels of S$ 
factor is due to the production of poly{d(A-T) ed (A-T) ] as 
will be discussed below. Where this occurs, extrapolation 
must be used to calculate the number of units/ml of S factor 
activity (Chapter II). Fractions 4 and 5 do not generally 
show this inflection. This is probably the result of the 


high nuclease activity which tends to destroy poly[{ d (A- 
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TABLE VII 


Purification of S Factor! 


Total Total Specific 
Protein Activity Activity Yield¢ 
Fraction (mg) (units) (units/mg) (%) 
4 Ammonium Sulfate 8002 60,000 7S 100 
5 DEAE-Cellulose I 48odz2 48,000 100 80 
6 G-75 Sephadex Ube 10,000 133 16.7 
8 DEAE-Cellulose II 1.03 10,000 10,000 16.7 
9 DEAE-Sephadex 0.283 600 2120 1 


1From 400 g E. coli cells. 

2Determined by the Biuret method (Chapter IT). 
3petermined by A280. 

*Based on units present in Fraction 4. 
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FIGURE 18. Titration Curves. of ‘S Factor Activity in 
Fractions 6, 8, and 9. Various dilutions of the fractions 
were assayed for S factor activity during poly{d{T-G) ed (C- 
A) ] synthesis. (a) % clc DNA measured by ethidium bromide 
fluorescence. (pb) [{!4*C ]GCMP/[3H]TMP incorporated into TCA- 
insoluble material and counted in restricted isotope 
channels conrectingwifiome dverbapoentCinclés;~ «eFractzoni 96; 
squares, Fraction 8; triangles, Fraction 9. 
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T)ed(A-T) ] as it is made. 


(ii) Template activity for poly{d(A-T) ed(A-T) ] 


The presence of a template for poly[{d(A-T) ed(A-T) ] in 
Fractions 6 and 8 is suggested by the increase in percent 
clic DNA (Figure 18a) and by the decrease in the ratio of 
incorporated [!¢*C]jdCMP/[3H]TMP (Figure 18b) at critical 
concentrations of these fractions. Fraction 9 did not. show 
these changes so clearly but the rather high plateau value 
for percent cic DNA may be due to production of low levels 
of poly{d(A-T)ed(A-T) J}. A specific assay for poly{d(A- 
T)ed(A-T)] synthesis from Fraction 9 showed that the 


template was still present (Chapter V). 


(iii) Nuclease activity 


Table ViIt presents a summary of the nuclease 
activities found in the various fractions. The two 
substrates used gave approximately the same resuits in the 
absence of tRNA. Poly{d(A-T)ed(A-T)] is slightly more 
sensitive to nucleolytic attack than is poly[{d(T-G) ed (C-A) ]. 
The nuclease activity inhibited by tRNA was assumed to be 
endonuclease I on the basis of the known effect of tRNA on 


this nuclease (Lehman et al. , 1962). 


The high nuclease acitivity of Fraction 6 was likely 


responsible for the decrease in percent clc DNA at very high 
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TABLE VIII 


Nuclease Activities in S Factor Fraction! 


mw wr a a a a we ew we ws ee we ee we we ee ee we we a ae ae a ee ee Se 


NOBRe@ReCCEIAG (65+ >—--—-—— + —- 
Nuclease2 Total Units 
Fraction Total Units —tRNA +tRNA % Inhibition 
6 - 1200 560 53% 
8 59.2 = - - 
9 23.0 16.4 Tot 8% 


ee cm we mw mw a ww we we a we er es es es we a a wr we a a ae we a a a es 


l1Assays described in Chapter II. 
2poiy[ d(A-T) ed (A-T) ] substrate. 
3poly{d(T-G) ed (C-A) ] substrate. 
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concentrations of Fraction 6 (Figure 18a). The nuclease 
content was reduced by the DEAE-celluose and DEAE-Sephadex 
chromatographies. One preparation of Fraction 9 showed no 
nuclease activity measurable by the usual assays. This 


preparation was used where indicated. 


(iv) Protein components of S factor fractions 


The protein components, their molecular weights, and 
approximate percentage of the total composition were 
determined by SDS gel electrophoresis using 10% 
polyacrylamide geis (Chapter II). Tracings of the gels for 
Fractions 6, 8, and 9 are seen in Figure 19. An analysis of 
the tracings in terms of the molecular weights of the 
components and their percent of the total composition is 


shown in Table IX. 


The molecular weight determined for S factor is in 
agreement with that observed by Flintoff and Paetkau (1974). 


Fraction 9 represents a highly purified S factor. 


(v) Stability 


Fractions 6 to 9 were stable for at least several 
months when stored on ice. Nuclease activity in Fraction 6 


decreases slightly with storage. 
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FIGURE 19. SDS Polyacrylamide Gel Electrophoresis of 5S 
Factor Fractions. SDS polyacrylamide (10%) gels were run, 
stained with Coomassie Brilliant Blue, and traced as 
described in Chapter If. (ay) Fraction 6,. »7+5= suds ) (dD) 
Fraction 8, 5 ug; (c) Fraction 9, 3.5 ug. Further analysis 
of the indicated components is shown in Table IX. 
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TABLE IX 


Protein Components of S Factor Fractions 


Molecular Percent of Total 
Fraction Components! Weight2 Composition3 
6 A 23,000-26,000 1242% 
B 18,500 2045% 
Ss 11,500+500 7045% 
8 A 26,000-29,000 942% 
B 19,500 15+4% 
Ss 11,50041000 T544% 
9 S 10,000+1000 8545% 
9 4 S 950041000 944+5% 


1As indicated in Figure 19. 

2Determined by comparison to standard proteins. 

3Determined by comparison of areas under peaks in tracings. 
*Tracing not shown. Nuclease-free preparation. 


taane bth jigesee’ 


anoisoant ‘aa 2909609 809 


Fae FLAC MOD 


a5 5-2 -5-----=-------- 


SF 


OS 


Rez" 
Ree 

wuser 
aeeeT 
bated 


Seniah ie 


ne 


een ay 


tie 
a ’ my . ; 
i] , 
’ bs 
*e, hl 
; 
i : 
i 
ié 
+ : 
Spray | * 
te 


* piso en, 


ee 


sin a 


103 


C. Problems in Purification of S Factor 


As was indicated in the previous section, S factor is 
associated with a putative template for polyf{d(A-T) ed (A-T) }. 
This agrees with the findings of Flintoff and Paetkau 
(1974). It will be shown later (Chapter V) that the agent 
responsible for the template activity appears to be an 
oligodeoxynucleotide. The major difficulty in the 


purification of S factor is the removal of this template. 


(i) Denaturation with combinations of urea, Lici, and 


Cscl 


The removal of the template has been accomplished ina 
limited number of cases using a method adapted from Traub 
and Nomura (1968). Briefly, this method consisted of a 36 
hour incubation of Fraction 6 at 09° in 4 M urea - 4 M Licl - 
6 mM 2-mercaptoethanol followed by chromatography on a G-50 
Sephadex column equilibrated with buffer C (4 M urea - 4 M 
Licl - 10 mM Tris-Cl (pH 7.5) - 6 mM 2-mercaptoethanol). The 
excluded material, containing S factor, was dialyzed to 
remove the urea and LiCl. The resultant Fraction 7 no longer 
possessed the template activity but had lost about 50% of 
its S factor activity. This procedure was not effective in 
the present study except when performed twice on the same 
material, in which case it was accompanied by a 90% loss of 


S factor activity. 
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Variations on this procedure were used in an attempt to 
improve its effectiveness. The use of the above conditions 
with 30% CsCl present, 4 M urea alone or 4 M LiCl alone did 


not achieve the removal of the template activity. 


A urea-LiCl-CsCl density gradient was used in an 
attempt to effect a separation of S factor and the template 
activity. Fraction 6 (700 ug) in 0.2 M Tris-Cl (pH 8) - 2 uM 
EDTA was incubated for 42 hours at 0° with 4 M urea - 4 M 
Licl. This sample (0.4 ml) was then layered onto 4.9 ml of a 
solution of buffer C containing 0.1 mM EDTA and 36.2 g% 
CsCl. The initial density of the solution was 1.4 g/cm3 
determined pycnometrically. The sample was centrifuged as 
shown in Figure 20. Fractions from the gradient were tested 
for S factor and poly[{d(A-T) ed(A-T) ] template by the usual 
methods. The two activities banded together at the top of 
the gradient. In an identical separate experiment, two 
markers, chymotrypsinogen A (5 mg) and {[(3H-T ]poly{d(A- 
T)ed(A-T) ] (0.16 A260 units) banded separately (Figure 20b). 
The density difference between protein at 1.4 g/cm3 (Weigle 
et al. , 1959) and poly{d(A-T) ed (A-T) ] at 1.672 g/cm3 (Wells 
and Blair, 1967) in neutral CsCl without urea and tLicl 
indicated that protein and DNA should separate unless they 
are firmly associated. This was found in the case of 
authentic high molecular weight poly{d(A-T)ed(A-T)] and 
chymotrypsinogen A. The addition of urea and LiCl was not 


sufficient to dissociate S factor and the template. 
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FIGURE 20. Urea-LiCli-CsCl Density Gradient Centrifugation. 
Samples of Fraction 6 (a) and markers (b) were prepared as 
given in the text and centrifuged in an SW 65L Ti rotor for 
35 hours at 50,000 rpm at 5°. Fractions (0.2 ml) were pumped 
from the bottoms of the tubes. {ay Fragtion” "62 *cireiés, 
template activity; triangles, S factor activity given as a 
decrease in percent clc compared to a control with no § 
factor. (b) markers; triangles, TCA-insoluble [ 3H- 
T Jpoly[ d (A-T) ed (A-T) J; circles, A280 of chymotrypsinogen A. 


w F 


ai 


W4COKLOK YOM (Muase\th (00) 


= 


. Fl 
ah le 
TF 


~ 


y? ‘ene “ebavnell ; ole, 


ine ies Svs ars Lose wan 
mo 


id a iis 


{ 
sty a 


: ee .. ae ar 3B 
Nate oe Bl a 


; ‘abs ag ee hes at 


106 


(ii) SDS or Sarkosyl treatment 


Both SDS and Sarkosyl tend to disrupt nucleic acid- 
protein associations and are used routinely for this purpose 
in the isolation of DNA polymers after polymerase-mediated 


synthesis. 


Two samples of Fraction 5 were diluted to 9 ng/ml of 


protein in buffer G (20 mM Tris-Cl (pH 7.5) - 10 mM 2- 
mercaptoethanol - 1 mM EDTA). Samples 1 and 2 were made 3% 
in SDS and Sarkosyl respectively. Both samples were 


incubated at 37° for 10 minutes, then applied to G-25 
Sephadex columns (0.9x16 cm) equilibrated with buffer G. The 
excluded fractions were tested for S$ factor and template 
activities with the results shown in Table X. There was 
approximately 60% recovery of S factor in the excluded 
material for both samples. The template activity and s 


factor remained associated. 


(iii) Phenol extraction 


Phenol has been a useful tool in the extraction of 
nucleic acids (Kirby, 1968) without being destructive to 


Small proteins (Rushizky et al. , 1963). 


Three samples, each containing 30 mg/ml Fraction 5 in 
buffer G were treated with combinations of phenol and SDS. 
Sample 3 had no SDS added. Samples 4 and 5 were made 1% in 


SDS and heated 10 minutes at 37° and 80° respectively. Each 
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Dilution Template S Factor 


<10% 


30% 


30% 


% Recovery 


Sample into Assay Activity! Activity2 
1 17500 47 3 
(SDS) 1/10,000 11 
2 1/500 242 3 
(Sarkosyl) 17/300 11 
3 1/500 207 § 
(phenol) 1/1000 Z 
4 1/500 167 § 
(phenol + 1/1000 9 
SDS, 37°) 
5 1/500 2T0 5 
(phenol + 1/1000 9 
SDS, 80°) 
Fraction 5 1/500 47 3 
(Untreated) 1/10,000 6 


1tIncorporation of [3H]TMP in nmoles/nl. 

2Decrease in percent clc DNA compared to control. 
3Incorporation during 7 hours. 

Incorporation during 2 hours. 

SIncorporation during 6 hours. 
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Sample was extracted twice with one volume of phenol 
Saturated with buffer 6G. The combined phenol phases were 
extracted with one volume of buffer G. The phenolic material 
was then tlyophilized until no more phenol odour was 
detectable. Each sample was dissolved in 0.5 ml of water and 
applied to G-25 Sephadex columns (0.9x16 cm) equilibrated 
with buffer G. The excluded material from each column was 
lyophilized, dissolved in 0.2 ml water, and tested for Ss 
factor and template activities. The results are shown in 
Table xX. There was about 30% recovery of S factor activity 
for samples 4 and 5. A large amount of material from sample 
> was lost in an insoluble precipitate formed after 
lyophilization of the phenol extract. S factor and template 


activities remained associated in all cases. 


(iv) Enzymatic degradation of template activity 


The template activity was not susceptible to 
nucleolytic degradation by endogenous nucleases, exonuclease 
III, or a combination of pancreatic DNase I and venon 
phosphodiesterase unless the accompanying proteins were 
first denatured. This will be discussed more fully in 


Chapter V. 


These results show that S factor and the oligof{ d(A- 
2) ed (AT) I template are not readily separabie by 


nondestructive denaturing conditions without extensive 
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losses of S factor. For this reason the removal of the 
template was not performed and purification to Fractions 8 
and 9 was done omitting Fraction 7. With Fraction 9, the 
interference with S factor assays by poly[d (A-T) ed (A-T) ] 
production could be decreased by sufficient dilution. 
However, as will be shown in Chapter V, the template is 


still present. 


III Results: Properties of S Factor 


A. Effect Of S Factor on clc DNA Production in vitro 


(i) Copying of chemically defined DNA polymers 


The prevention of accumulation of clc structures during 
the copying of poly{ d(T-G)ed(C-A) ] forms the basis of the 
assay £OL S LACtOT and was its initial defining 
characteristic. Poly[{d(T-G) ed (C-A) ] made in the absence of S 
factor normally has about 25% cic DNA as measured by the 
fluorescence assay. The addition of S factor reduces the 
percent clc DNA (Figure 18). The product polymer has 
separable strands. A similar effect has been observed for 
poly{d(T-G-G) ed(C-A-A) ] (Chapter III, Figure U2). The 
difference between clc and non-clc polymers is seen clearly 


in alkaline CsCl density gradients. 


S factor is unable to remove covalent links once they 
have formed either when it is added after copying of 


poly[d(T-G) ed (C-A) ] has begun or upon incubation with clc 
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poly[d(T-G)ed (C-A) ] (Flintoff and Paetkau, 1974). 


(ii) Copying of bacteriophage PM2 DNA 


PM2 RFII DNA was copied under the conditions described 
in Chapter II. One synthesis mixture contained no S factor 
and the other contained 1 ug/ml Fraction 9 (nuclease free). 
The products were labelled with [14*C ]jaCTP (1415 cpm/nmole) 
throughout synthesis. At 3.5 hours (1.5 rounds of copying) 
{7H]TTP was added to give a specific activity of 12,000 
cpm/nmole TTP. The synthesis was stopped at 6 hours by the 
addition of EDTA to 25 mM and cooling. The products were 
examined by three different means: 

a). Ethidium bromide fluorescence. Aliquots removed at 

intervals during the copying were diluted into 3 ml of 

KE buffer for the fluorescence assay (Chapter II). The 

results given in Figure 21 show that S factor did not 

entirelyprevenhacctc....DNA,..production.... in. the.early 
stages of the synthesis, the percent clc DNA was very 

high and then decreased to a plateau level of 60% 

(Figure 21a). Non-cic DNA increased steadily after one 

round of copying in the presence of S factor (Figure 

21b). Without S factor, the production of non-clc DNA 

was much less. S factor stimulated synthesis by 75%. 

b). Batchwise hydroxyapatite analysis. Hydroxyapatite 

chromatography was performed as described in Chapter 


II. Samples were divided in half and one half was 


- (eet. oRa gee _ seme 
< sO oe debi 
aaa Sha. ahi etant 30, 


hyd Sameeb Pree thaes at sabe Dekgoo sew ane Pre 
wotont (2 GH “Bon Entiaon 5 * : pkead i age oad) sat a ee 
. (anr 2B baLOuA) cd qoitsead bees iy boaks+a pers lt a 
(alo und Pret) oT Dhl 36 #), itn betipdsi ezew 4 ati Bio § 
(patydoo 36 Bbauer Cake exodw atk 1s wniamasiign, pu 
oUOcer (Be (Fi veson aged’ a avy os “bebbe a av sev 9 o 
apt Vi naod oO Fs pautioge eal Bie edtaye ‘oat. “atT, _oLoma\ 
bien ttoubieiy ont’ putioes * bas Ha 28. 0¢ e7dg. bes” 
ois SREB Snorer eb cond 14 

te byvore: =260pi LA .sameoemmome Caseapiee avibidga nt 
o Se £ ota Sishg ef EB pote in HHS oat veinaeaiy 
aay (IT Te¥q sth) qa, add as chased “y02 “qe%ted- 32 2 
ol adh 10faeF A vivo moe | a ‘povio “at ives 

a im) ape sasveiqg \letisas ; 
aad ‘to aepase. ‘ ak 4 
7 aods bas Pes a ‘ a 
bol ss0H a tabs. oxopit) nee q 
hice “St EG pias oe pian “i pirdyqos “40. ‘bavoa Heh. 
my ray swoagsie “ahs me 


Re ff 


‘lane eds ‘ot, 


0 ] 2 3 4 > 
ROUNDS OF COPYING 


DNA 
= 
a) 


ROUNDS OF COPYING 


er ere 3 4 5 
ROUNDS OF COPYING 


FIGURE 21. Cle DNA Production During in vitro Copying of PM2 
RFII DNA. PM2 DNA was copied in the presence and absence of 
S factor as described in Chapter II. The fluorescence assay 
in the KE buffer system was used to monitor total and clc 
DNA production. The results are expressed as percent clc DNA 
versus rounds of copying (a), and rounds of copying non-clc 
DNA production versus rounds of copying total DNA _ (b). 
Circles, with S factor; squares, without S factor. 
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sonicated (5x2 seconds On optimal setting) and 
denatured by heating at 95° for 5 minutes then quickly 
cooled in ice before adding the hydroxyapatite. 
SOnication would be expected to decrease the proportion 
of single-stranded material attached to double-stranded 
DNA. After denaturation only clc DNA will renature and 
behave as double-stranded DNA on the hydroxyapatite. 
After each extraction aliquots from the supernatants 
were added to Aquasol and counted in restricted isotope 
channels. Synthesis in the presence of S$ factor 
increased the percentage of single strands (i.e. non- 
cle DNA) in 3H-labelled material from 6.3% to 28% and 
in 1*C-labelled material from 8.9% to 25.3%. Sonication 
increased the proportion of single strands slightly. 
The proportion of 14C-labelled single-stranded material 
was Similar to that for 3H-labelled material after 
Synthesis in the presence of S factor, suggesting that 
the decreased renaturability was not due to a general 
nuclease effect. If this were the mechanism, then the 
1*C-labelled DNA, which was exposed to S factor longer, 
would have had a greater proportion of single-stranded 
DNA than the 3H-labelled material. 

c).- Alkaline sucrose sedimentation. Samples from 6 
hours of synthesis were made 17 mM in NaOH and layered 
onto 5%-20% sucrose gradients containing 0.1 M NaCl - 
10 mM EDTA - 0.10 M NaOH. The gradients were 


centrifuged in an SW 65L Ti rotor at 60,000 rpm for 3.5 
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hours at 5°. The DNA synthesized in the presence of S 
factor appeared to be of slightly lower molecular 
weight than that made without S factor. There was no 
separation of 3H- and 14C-labelled material. 
These results indicate that S factor had an effect on the 
structure of the synthesized DNA. The results of the 
fluorescence assay and the hydroxyapatite analysis suggest 
that clc DNA production was reduced. The decreased molecular 
weight of the product made in the presence of S factor may 
be due to a low level of nuclease activity as well as 
synthesis of short fragments along the displaced 5' strand 
(see Discussion, Figure 23). The similarity in the 
proportion of 3H- and 14C-labelled material seen in the 
hydroxyapatite analysis and the co-sedimentation of 3H- and 
14C-labelled DNA suggest that the effect of S factor is 
specific and cannot be attributed to a general nuclease 


effect. 


B. Proteolytic Effect of S Factor on DNA Polymerase 


Limited proteolysis of DNA polymerase I produces the 
76,000 molecular weight component which retains polymerase 
aceavityy(Brutlag* "et ab... v, ©1969)... 5S *£actortsycactivity 
therefore might be effected through some proteolytic 
alteration of the DNA polymerase. To test this possibility, 
DNA polymerase (70 ug/ml) was incubated with 10 ug/ml S 
factor (Fraction 9) or S factor plus the 4 dNTPs (1.2 mM 


each) and/or Ove A260 poly[d(T-G) ed(C-A) ]. Potassium 
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phosphate, DTT, and magnesium chloride were used as in a 
normal synthesis mixture for poly{d(T-G) ed(C-A) }. After two 
hours at 37° the reaction was stopped by the addition of 
EDTA to 20 mM. The samples were then subjected to 
electrophoresis on SDS polyacrylamide (5%) gels for 1.5 
hours. The major protein bands seen were the 109,000 and 
76,000 molecular weight components of DNA polymerase 
(Chapter II) and S factor where it was added. In all cases, 
the ratio of 76,000/109,000 material was within 0.03 of the 
value obtained without S factor treatment (0.10). The ratio 
of the migration distance of the 109,000 component to that 
of S factor itself or to that of the 76,000 component varied 
less than 2%. These results suggested that there was neither 
an alteration in the molecular weight of the 109,000 
component of DNA polymerase nor any specific conversion of 


the 109,000 component to the 76,000 component. 


C. Effect of S Factor on Repair of Single-Stranded DNA 


DNA polymerase I may take part in repair in vivo 
(Chapter I). The effect of S factor on repair was therefore 
tested using poly[{d(T-G) ] and poly[{d(C-A) ] templates and the 
decadeoxynucleotides Oligof[ d(C-A) ] and Oligo[d(T-G) ] 
respectively as primers. The reaction mixture for repair 
synthesis consisted of 70 mM potassium phosphate (pH 7.4) - 
10 mM magnesium chloride - 2 mM DTT - 0.12 mM each of TTP 
and dGTP or dCTP and dATP - 20 nmoles/ml template (poly[d(c- 


A)}] or polyf{d(t-G) J] - 140 units/ml DNA polymerase. The 
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mixture was incubated at 15°. Repair synthesis was measured 
by the incorporation of [3H]dCTP or [3H ]TTP at specific 
activities of 6225 and 7100 cpm/nmole respectively. The 
incorporation reached a plateau at 0.4- to 0.5-fold copying 
in 30 minutes. The repair synthesis using S factor at 
concentrations of 4, 2, 1, or 0 ug/ml varied less than 10% 


in rate and extent. 
D. Binding of S Factor to Poly[{d(A-T) ed(A-T) ] 


The firm association between S factor and polyf{d(A- 
Tyed(A-T) ] suggested that binding of S factor to high 
molecular weight poly[{d(A-T) ed (A-T) ] might be demonstrable. 
Three methods were used as indicators of binding: 

a). Protection from exonuclease III action. The acid- 

solublization of poly{d(A-T) ed (A-T) ] by exonuclease III 

was compared in the presence and absence of S_ factor 

(Fraction 9). S factor was present at concentrations 

giving 3 to 12 protein molecules per molecule of DNA. 

The presence of S factor did not decrease the rate or 

extent of degradation of the poly{d(A-T) ed (A-T)] by 

exonuclease III. 

b). Ethidium bromide binding. The amount of ethidiun 

bromide that can bind to DNA may be decreased by the 

prior binding of proteins to the DNA. Poly[d(A-T) ed (A- 

T) ] was incubated at room temperature in 30 mM 

potassium phosphate (pH 7.4) with a 1- to 10-fold molar 


excess of S factor (Fraction 9). Variations included: 


séticsge £1 reap nah pena aie ro. woe ssa » 
ed? vievitsegeg? Stoapyaee 00 re. memes 
pecegon BiGx 22.0 od seer ‘i iueite oibedoaent 

3 -akeqea oft Yi 
20% whl BML botany e\ou 0 x0, “a 4% ROPM 


( (ft Piet be: maint og s03>8% 2 e » eaibardl 


~Ajb Wied Sat sotaee a “elit setectiemalal 
Wotd ot wSSEL eee ees gad? pesasepiia {(T 
-olusiSeopdan ols BEe [cesarean leq: siplew a 
Sei \onrbuea Ww eo Hes 26 bean von 

“Hine 400 wii Rip nna sesokobiigne ao72 _ sobs sede ae 
(1 Sonu Lousiana yd PR=RiBe AMD Ietes.20 wotsnabt dntow Be 
eiai*'a ones Bie ames 0 Nat beangs09 ati _ 
Od HL ABOMBD” FB tamper. egy 304989 8) 4 woitos7%) am 
4a0, to okunelea 794 abli@aion \ aero ef ot € t vate | 
— 96%, Ae ‘peseagall step Sa ine 2 to7 aoneaerq: ean 
hala cenantgedin ee - ects sd aapeb: to tusax0: or 
ft + A pe hapa 24 «TRE: 8 oba07 | 

avtbiiiee 20 satows adt. intend: “ehSmcad | su tb bags ot si 
may ya bezsozabB on tau 200 oF eeee a6 ‘darts ebiwoxd (0 Vie 
“hye (R=4y beter .ama ass ud) talesorg % pathatd robs’ 
im OR me Wiossagyees megs! “te botedupad Pn a coro: 
tales rege) 0) a oe -t « andy, (82K) eatgnods woknns200 any) : 
_ttiebetoas a +16 ha sie: Bo” ansoxe | ae 


a a "i 
ae . - o 
wel o* : 7 Te 6 

: cr 


, ‘ ¢ ia > ei A D ar iv. in Z 
' 7 \ ‘awe ley sa | - rcs me Ne RD A it Lin © 


addition of magnesium chloride to 4 mM and/or DNA 
polymerase to 35 ug/ml; extending the incubation time 
to 12 hours; or replacing poly[d(A-T)ed(A-T)] with Be 
coli DNA. Samples were added to 3 ml of TEE buffer and 
the fluorescence measured within 10 minutes. The 
resultant fluorescence varied less than 5% froma 
control with no S factor. 

c)- Agarose chromatography. Tritium-labelled poly[ da (A- 
T) ed (A-T) J] (0.08 A260 units) and 20 ug S_ factor 
(Fraction 9) were incubated together in a 200 ul 
reaction mixture consisting of 0.15 M Tris-Cl (pH 8) - 
1 mM EDTA. A parallel sample contained no DNA. After 1 
hour at 4°, the samples were applied to 15M Agarose 
columns (0.9x30 cm) equilibrated with buffer B. 
Fractions were 1 ml. The excluded material was detected 
by the radioactivity of the poly[{d(A-T) ed(A-T) ]; the 
included material by absorbance of an ATP marker . The 
included and excluded fractions were pooled separately 
and lyophilized to dryness. The samples were taken up 
in 0.5 ml of water and dialyzed against 5 mM sodiun 
phosphate (pH 7.2) at 49°. The dialyzed samples were 
concentrated by evaporation and subjected to SDS 
electrophoresis on 10% polyacrylamide gels (Chapter 
If). For both samples S factor was found only in the 
included material. It did not co-chromatograph with the 
poly[{ d (A-T) ed (A-T) }. 


Binding was not detectable by any of these methods. 
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IV Discussion 


S factor has been purified to an essentially 
homogeneous protein, Fraction 9. It has a molecular weight 
of 9500-12,000 on SDS gel electrophoresis and an apparent 
molecular weight of 24,000-26,000 on G-75 Sephadex. These 
values agree with those reported by Flintoff and Paetkau 
(1974). It has been suggested that the protein may consist 
of a dimer of identical subunits. The protein has a template 
for poly[d (A-T) ed (A-T) ] bound to it. It does not appear to 
bind to high molecular weight poly[{d(A-T) ed (A-T) ]. S factor 
does not have a proteolytic effect on DNA polymerase nor 
does it stimulate repair synthesis by DNA polymerase. S 
factor does, however, reduce or prevent clc DNA _ production 
during copying of the DNA polymers poly[{d(T-G) ed (C-A) ] and 
poly[{d(T-T-G) ed(C-A-A) ]. It appears to have a similar effect 


during in vitro copying of PM2 DNA. 


There are a number of problems which complicate the 
purification. One of these is the lack of a _ simple 
relationship between the amount of S factor present and the 
decrease in the percent clc DNA. This introduces a degree of 
subjectivity into an estimation of activity. The presence of 
nuclease activity and a template for poly[{d (A-T) ed (A-T) j 
also make these calculations more difficult. Nuclease 
activity can mimic S factor, and poly[{d(A-T) °d(A-T) ] copying 


can increase clc DNA. 
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The S factor activity measured in Fractions 4 and 5 
should be considered as only approximate values because of 
the high levels of nuclease activity. Fraction 6 is more 
amenable to assay. The absolute yield of S factor activity 
in Fraction 6 is similar to that reported by Flintoff and 
Paetkau (1974). The addition of tRNA to the assay system 
increases the accuracy of the assay by inhibiting 
endonuclease I (Lehman et al. , 1962). It was shown in Table 
VIII that the nuclease activity in Fraction 6 is 53% 
inhibitable by tRNA. It should be noted that endonuclease I 
does not mimic the effect of S factor when the synthesis 
products are examined by alkaline CsCl density gradients 


(Coulter et al. , 1974). 


The template for poly{d(A-T) ed (A-T) ] bound to S_ factor 
masks the effectiveness of high concentrations of S factor. 
The titration curves in Figure 18 show that the 
concentration of S factor necessary to obtain a low level of 
clc DNA is’ very critical. The elimination of the template 
proved to be unpractical. The lack of success with phenol 
extraction and urea-LicCl or detergent denaturation followed 
by column chromatography could be explained on the basis of 
the template's size, causing it to be excluded along with 
the protein. The two would presumably then reassociate. That 
size alone is not the oniy contributing factor is indicated 
by co-banding of S factor and the template in a urea-Licl- 


CsCl density gradient. The procedure decribed by Flintoff 
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and Paetkau (1974) (chromatography in 4 M Licl - 4 M urea) 
was successful in some cases and there are several possible 
reasons for its lack of general effectiveness. The size of 
the template may vary from one preparation to another 
depending on the degree of autolysis. The procedure was 
effective only when it was accompanied by extensive losses 
of S factor activity so there may be a selection for S 


factor molecules which are free of template. 


S factor and the template activities co-chromatograph 
at a partially included position on G-75 Sephadex following 
an autolysis at the Fraction 5 stage. Without the autolysis, 
the S factor is completely excluded along with DNA 
polymerase (Flintoff and Paetkau, 1974). The autolysis is 
dependent on the prior removal of low molecular weight 
components by G-25 Sephadex chromatography and the addition 
of magnesium. The change in the apparent molecular weight of 
the S factor during the autolysis is assumed to be due to 
partial degradation by endogenous nucleases of the DNA 
fragments to which the protein is bound. It might be argued 
that the molecular weight change is in the S protein itself. 
This cannot be ruled out but it is unlikely for two reasons; 
the autolysis is dependent on magnesium which is 
characteristic of nucleolytic not proteolytic degradation; 
and SDS gel electrophoresis of Fractions 4 and 5 showed 
proteins with molecular weights in the 9000-13,000 range, 


one of which could be S factor. 
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The association of S factor with a template for 
poly{d(A-T) ed (A-T) ] suggests an affinity for such sequences. 
This may be related to the actual binding sites for the 
protein on template DNA during copying. The lack of 
observable binding to high molecular weight poly[d(A-T) ed(A- 
T) ] may be a function of the size of the polymer. Binding to 
the ends of the polymer may not be detectable at the higher 
ratio of internal to terminal residues found in high 


molecular weight polymers compared with shorter polymers. 


S factor does not stimulate repair synthesis nor does 
it behave as a protease towards DNA polymerase. S factor is 
distinguishable from other low molecular weight proteins 
such as the single-stranded DNA binding protein observed by 
Sigal et al. , (1972) on the basis of its molecular weight 
in SDS gels and its failure to cause hyperchromicity of T4 
DNA (Flintoff and Paetkau, 1974). It does not affect the 
transcription of T4 DNA (Flintoff and Paetkau, 1974) as does 
a protein of similar low molecular weight (Cukier-Kahn et 


ania 7A) 1 YTQ ex 


The only known function of S factor is its blocking of 
the production of clc sequences during in vitro copying of 
DNA. It has been suggested that clc DNA may arise if the 
polymerase switches strands (Schildkraut et al. ,1964) or 


doubles back to copy the newly made strand (Harwood and 


Wells, 1970). It has been suggested that S factor acts by 
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binding to the displaced strand to prevent switching or 
doubling back (Flintoff and Paetkau, 1974). These mechanisms 


are shown in Figure 22. 


It might also be postulated that S factor is the 
"knife" of Guild's (1968) "knife and fork" model of 
replication. Such a mechanism for S factor cannot be 
distinguished at present from the one shown in Figure 22a. A 
nucleolytic action at the growing fork would likely require 
a highly specific combination of template, primer, and 


polymerase existing only at the replicative site. 


Natural DNAs have been used as substrates for S factor. 
The copying of E. coli DNA in the presence of S factor 
results in a decrease in the percentage of clc structures 
(Flintoff and Paetkau, 1974). PM2 DNA (RFII) provides a 
template in which strand switching plays a major role in the 
net-fold synthesis in vitro (Masamune and Richardson, 1971). 
Ss factor reduced but did not completely prevent cic DNA 
production. A consideration of Masamune and Richardson's 
(1971) model of in vitro copying of PM2 DNA may help to 
explain this (Figure 23). The equilibration between the 
various structures permits net-fold copying of the template. 
The equilibrium between Ia and Ib would be expected in the 
early stages when the displaced 5'-end is short. Both Ia and 
Ib could give rise to cle structures. In Ib a short region 
of intrastrand complementarity at the 3'-end may permit 


hydrogen bonding as was seen in Figure #. If S factor does 
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FIGURE 22. Models for clc DNA Production and the Action of S 
Factor. DNA polymerase may (a) switch strands or (b) double 


back. 
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not recognize structures such as Ib then clc DNA may be 
produced through an alternate means. In vivo the equilibrium 
between Ia and Ib would be biocked by initiation on the 


displaced 5'-strand. 


The above model for S factor with circular DNAs could 
be tested using circular poly{d(it-G) ed(C-A) ]. The 
equilibrium between structures Ia and Ib would still occur, 
however, lack of any intrastrand complementarity would 
prevent IIc from arising by copying. Clc structures should 
arise only via IIb. If S factor blocks IIb production, then 
Ifa will be the product. The nature of the clc structures 
could be tested not only by fluorescence but, as with linear 
polymers, by alkaline CsCl density gradient centrifugation 
if the complementary seguences were differentially labelled. 
It is possible to prepare circular poly[ d(T-G) ed (C-A) ] using 
linear polymers and polynucleotide ligase (Paetkau and 


Khorana, 1971). The main problem is one of yield. 


As stated in Chapter I, the scarcity of evidence for 
clc structures from in vivo replication is not suprising in 
view of their potential lethality. However, it may be 
possible to find conditional lethal mutants for the S factor 
function. If such a mutant were available, the effects on E. 
coli DNA or bacteriophage DNAs might prove interesting. It 
has been suggested (Flintoff, 1973) that one of the 
uncharacterized ts dna loci, for instance the dna C(D) locus 


whose product has a molecular weight of 25,000, may be 
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responsible for S factor. The properties of these mutants, 
particularly dna D, are under investigation to see if they 
tend to accumulate clic sequences in vivo under the _ non- 


permissive conditions. 


It has also been suggested (Flintoff, 1973) that E. 
coli cells made permeable to antibodies with toluene and 
Triton x-100 (Moses, 1972) might be used to study the 
effects of inactivation of S by a specific antibody. 
Application of such a system to an E. coli strain carrying 
the polymerase I dependent circular plasmid colicin E1 may 
result in structures resembling those seen for PM2 DNA 
copied in vitro particularly since this colicin uses 


polymerase I for its DNA replication. 


Bacteriophage or plasmid DNAS are especiaily useful 
because their small size makes them amenabie to study in an 


undamaged form by electron microscopy. 
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CHAPTER V 


UNUSUAL TEMPLATE ACTIVITIES IN EXTRACTS OF E. coli 


I Introduction 


Purified DNA polymerase I from E. coli synthesizes the 
copolymer, polyf{ d(A-T)#d(A-T) ] and the homopolymer, 
poly{d(G)ed(C) ] in apparently de novo reactions (Schachman 
et al. , 1960; Kornberg et al. , 1964; Burd and Wells, 1970; 
Radding* et al. ,71° 1962). The charactéristics of such 
Syntheses are the absence of an exogenous template, a long 
lag period varying from 2 to 8 hours, and the rapid 
synthesis of polymers containing only either dAMP and TMP in 
equal amounts, or dGMP and dCMP respectively. These 
reactions could be the result of either de novo synthesis or 
copying of undetected small oligodeoxynucleotides associated 
with the polymerase. The kinetics of synthesis of each 
polymer may be nearly exponential at early times and are 
typical of autocatalytic reactions beginning with very small 


templates (Radding and Kornberg, 1962). 


The presence of an apparent template activity for 
poly{d(A-T)*®d(A-T) ] associated with S factor preparations 
has recently been reported (Flintoff and Paetkau, 1974). In 


addition, it has been observed that there is an apparent 
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template for polypyrimidineepolypurine DNA in the crude 


fraction, DIII (Morgan et al. , 1974). 


The existence of such templates provides one possible 
source for the apparently de novo reactions. The partial 
characterization of the template in DIII fractions and the 


complete characterization of the template associated with S 


factor are the topics of this chapter. 


II Results: Template Activity in DIII 


Uniess otherwise stated the conditions for all 
synthetic reactions were those described for defined DNAs in 
Chapter II, with all four dNTPs present in equal proportions 
and no tRNA added. DIII is a by-product of a preparation of 
RNA polymerase by the method of Chamberlin and Berg (1962) 


(Chapter II). 


A. Nucleic Acid Content of DIII 


DIIIT had an absorbance of 10 A260 and an A260/A280 
ratio of 1.0 before it was subjected to any treatment. 
Incubation with 0.1% SDS for 10 minutes at 50° followed by 
centrifugation reduced the absorbance to 3.0 A260 and 
increased the A260/A280 ratio to 1.4. Comparison to a 
standard sample of DNA in the fluorescence assay suggested a 


double-stranded DNA content of 0.03-0.07 A260. 
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B. Preparation of Oligonucleotide Fragments from DIII 


High molecular weight material was removed from DIII 
preparations by chromatography of 1 ml samples of DIII on 
15M Agarose columns (1x30 cm) equilibrated with 5 mM Tris-Cl 
(pH 8) - 0.1 mM EDTA. A typicai elution profile is shown in 
Figure 24. Fraction 19, with an A260/A280 ratio of 1.4, was 
used as a source of template activity. This material was 
found to contain oligodeoxynucleotide fragments. The 
proportion of material in the included and excluded regions 


varied with different preparations of DIII. 


C. Amplification of the Oligodeoxynucleotide Fragments 


by Copying 


Fraction 19 was added to a standard synthesis mixture 
to a final concentration of 0.03 A260. The product was 
labelled with [%3H]TTP. Synthesis was monitored by the 
fluorescence assay. The results for copying fraction 19 as 
well as another sample of similarly prepared material are 
shown in Figure 25. The fraction 19 template showed a 4 hour 
lag period followed by rapid synthesis. The other template 
showed a lag period of less than one hour. The product of 
the fraction 19 template will be referred to as Polymer A; 
the product of the other template as Polymer B. The 
synthesis was stopped and the products isolated after 6 
hours for Polymer A and 5 hours for Polymer B. A _ third 


polymer, Polymer C, was produced from a third DIII 


I21G Gox?, «1190.09 aétopswotipe 1 £0 to. 


TIT sow pavoue Saw ‘beisaaem ‘Hayley "5 sina 
ao itno io Ben iquse be 190 tayerpodsnoinda. 
fd-eiat te 2°TS2N fara so (io gear). ispailig 
“i nwods. Bf atl tery oF aE 6 ARGS blend 
daw \ teh 30.6 tFen oa ganoaa We aeiw.. ek seated 

lekzaven” ata, sa ivavBe oydeaD Io usc 
WD. .etdsapsat -obitoe ] > 4 fe ndicnan 
aa’ oo fohu iSite, bap hobutadl gag at iningion, Bo 


“BTMG. 29 sr aa snorerb 


: i po ABS) i. - 
9S ORT zpatoan pin i to olism 7 
a i ksi Law aM, ; oral 


avuyein gbaary ave baited: 8 a.) + soe env tabla | ; 
cov Joubdry nit .ORSE. 60.0) ase 
oat ¥d ped 26w akeew hays atae “ie Eo 
as, ef soisoeyn. es yee Bi sMowbg oie wymees:, é 
958 ‘tetsode beangong titel ints Yo eiquen eae an 
tocul ts 5atona| sigue? ep aoktont® babe “as ommis at oo 


ove tained geilto ont lapadine. bigay ¥ Bowoltod boit9q 


“aa 
y Pays “ 
to ale Sst nod 90" rod, aes 10 bataieatel eat 5 bowode | 
ie 4) a 
,A tagyta® 25, oF pansion ad ‘Endy wrstqaos | er" sont oat : 
ote ved @ ; 
oat) 1.8 Saugtes. ah. ofelgudd asdto oA3. We pee 7 
es ae Nei ’ 
d Isti6 ists (tei etouborg ade bas peagose ‘eo akeed aod says 
B eae on 
Gxted hese TaayLod - 702: ‘einda 2 hoe 7 son ¥ 104 40% ited 


_I3Id oitdg & se72 bosuborq  2e¥ a OE: rea toa 
ds \ ; 


ie s ! fates 
: 4 f . i of y" , 
a) >» : sy 4 - i 


e fi i i i , 
¥ 7 aye OLE 
hoe 7 ri at} iv zal 


 y =~ “4 7 : = fl .; we ' ite 
a ee ae ome 
ah ‘a ee eee re: 7 es ee Lb av tas 


ABSORBANCE 


‘Te 8 12 ea 20N- 
FRACTION NUMBER 


FIGURE 24. Agarose Chromatography (15M) of DIII. DIII 
chromatographed on a 154M Agarose column (1x30 
equrlabrated with > ae tris-Gi (pr Bj—"9 0.1 mk, “EDTA. 
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was 
cm) 
The 


column was cun at room temperature by gravity with a flow 
rate of 7.6 ml/hour. Fractions were 1.9 ml. Open circles, 


A260; closed circles, A280. 
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FIGURE 25. Copying of Oligodeoxynucleotide Fragments from 
DIII. Oligodeoxynucleotide fragments were added to a 
Synthesis mixture containing equal proportions of all 4 
aNTPs. The synthesis was monitored by comparison to a 
Standard DNA in the fluorescence assay. The products were 
isolated by 15M Agarose chromatography and are designated 
Polymer A (fraction 19 template, squares) and Polymer B 
(circles). The initial concentration of template source was 
0.03 for Polymer A and 0.05 A260 for Polymer B. 
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preparation. Its kinetics of synthesis were similar to those 
of Polymer A. Other amplification reactions showed 
considerable variation in the synthesis kinetics and ratios 


of [14C JdCMP/[ 3H ]TMP incorporated. 


D. Properties of the Isolated Products of the 
Amplification Reaction 


(i) Molecular weight 


Polymer A had a_e single-stranded molecular weight of 
110,000 and a double-stranded molecular weight of 676,000 
determined by alkaline and neutral sedimentation velocities 
respectively (Chapter II). This suggested a high molecular 


weight DNA product having several single-stranded nicks. 


(ii) Clc DNA content 


The cle DNA content of each isolated polymer was 
determined by fluorescence with the results: Polymer A, 41%; 


Polymer B, 30%; Polymer C, 29%. 


(iii) Buoyant density 


The buoyant density of Polymer A was determined by 
analytical neutral CsCl density gradient centrifugation 
(Chapter II). The polymer, in low salt, was heated in 
boiling water then quickly cooled before centrifugation. The 
buoyant density, determined by the isoconcentration method, 


was 1.810 g/cm3. This is similar to the density of 
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poly{dGedC J], 1.794 g/cm3 (Erikson and Szybalski, 1964). 


(iv) TMP content 


Polymer A was labelled with [3H]TTP during its 
Synthesis but the isolated product contained very little 
label. It was estimated that less than 5% of the residues 


were TMP. 


(v) Template for poly{r(G)] synthesis and poly{r(C) ] 


synthesis 


All three polymers were tested for transcription by RNA 
polymerase to poly{r(G)] and poly{r(C)] (Chapter II). The 
results are shown in Figure 26. Polymers A and B had similar 
kinetics of poly{r(G)] synthesis, that is a rapid initial 
rate followed by a slower rate. Both polymers also showed 
poly{r(C)] synthesis. Polymer C was also transcribed to 
poly|r(G) ] but the kinetics showed a slow initial rate 
follwed by a rapid rate. Polymer C gave very little 
poly{r(Cc) ] transcription. There was essentially no 
poly{r(A)] or poly{r(U) ] transcription for any of the three 
polymers. The templates used to produce Polymers A, B, andc 


were not themselves detectably transcribed. 


The kinetics of transcription to poly{r(G) ] for 
Polymers A and B were typical of a polymer having poly[d(C) j 


tracts (Paetkau et al. , 1972). Extensive transcription to 
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Figure 26. Transcription of Polymers A, B, and C_ to 
Poly{r(G) ] and Poly{r(C)]- Polymers Ay B,,-and. ¢ ,were 
transcribed by RNA polymerase with [1*C] CTP or [?*CJGTP as 
the only nucleotides present (Chapter IT). Synthesis was 
monitored by incorporation of label into TCA-insoluble 
material. Solid lines, poly{r(G) ] synthesis; broken lines, 
poly[r(C) ] synthesis. Circles, Polymer A; squares, Polymer 
B; triangles, Polymer C. 
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poly[r(C) ] suggested poly{d(G) ] tracts. The kinetics of 
poly[{r(G) ] synthesis for Polymer C are those to be expected 
for a template containing T and dC residues in one strand. 
Polymers such as poly[{d(T-C) ed (G-A) }] and polyf{ d(T-T-C) ed(G- 
A-A) ] are transcribed in this way (Paetkauet al. , W972). 


III Results: Template Activity Associated with S$ Factor 


S factor fractions were prepared as described in 
Chapter IV. Unless otherwise stated, all synthetic reactions 
were performed as described in Chapter II for poly[d(A- 


T)ed(A-T) ] with tRNA present where indicated. 
A. DNA Content of S Factor Fraction 6A 


The presence of DNA in Fraction 6 or 6A was not 
detectable by measuring A260. By using the ethidium bromide 
fluorescence assay it was found that Fraction 6A contained 


approximately 0.002 A260 DNA (0.38 ng DNA/ug protein). 
B. DNA Polymerase Content of Fraction 6 


Various concentrations of Fraction 6 were tested in the 
usual synthetic reaction without added DNA polymerase. 
Fraction 6 contained no DNA polymerizing activity, either in 
the absence of added template or in the presence of an 


authentic poly[{d(A-T) ed(A-T) ] template. 
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C. Template Activity in S Factor Fractions 


(i) Co-purification with S factor 


The profile of the chromatography of Fraction 5 on G-75 
Sephadex is shown in Figure 15 (Chapter IV). DNA polymerase- 
dependent template activity co-chromatographed with S factor 
in a partially included position. The division of this 
material into Fractions 6 and 6A was discussed in Chapter 


iv. 


(ii) Template activity for apparent poly[d(A-T) ed (A-T) ] 


synthesis 


Polymers containing only dAMP and TMP were synthesized 
with DNA polymerase using either Fraction 6 or authentic 
poly{d(A-T)ed(A-T) ] as a template. The results are shown in 
Figure 27. With authentic poly[{d(A-T) ed(A-T) ] template the 
lag period was less than one hour. Adding a high ievel of 
Fraction 6 resulted in a short lag period of 1 to 2 hours 
followed by rapid synthesis and subsequent degradation of 
the product. The lower concentration of Fraction 6 gave a 
slower rate of synthesis reaching a greater extent before 
degradation ensued. The stimulation of synthesis and the 
rapid degradation of the product was jiikely due to the 
nuclease activity of Fraction 6 of euiied about half was tRNA 
inhibitable endonuclease I (Table VII, Chapter IV). The 
addition of tRNA at 0.5 A260 to the synthetic reaction 


resulted in more extensive synthesis at the higher Fraction 
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INCORPORATION (nmoles/ml dNMP) 


TIME (hr) 


FIGURE 27. Copying of Polyf{d(A-T) ed (A-T) ] and Templates in S 
Factor. Synthesis was followed by incorporation of [3H ]TTP 
into TCA-insoluble materiai. Templates were provided by 
either (a) authentic poly[{d(A-T)ed(A-T) ]: open symbols, 0.2 
A260 and closed symbols, 0.01 A260; or (b) S factor Fraction 
6: open symbols, 11.5 ug/ml and closed symbols, 0.58 ug/ml. 
Circles, no tRNA; squares, 0.5 A260 tRNA. 
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6 concentration and a longer lag period at the lower 
Fraction 6 concentration. It had little effect on the 


copying of the authentic poly[d(A-T) ed (A-T) ]. 


A comparison was made between the kinetics of copying 
the template in Fraction 6 and authentic poly[{d (A-T) ed (A- 
T) ], and the apparently de novo synthesis which occurs with 
no added templates. The results are seen in Figure 28. 
Synthesis did eventually occur in the absence of exogenous 
template, but addition of Fraction 6 reduced the lag period 
from 16 hours to 1 to 2 hours. In alli subsequent experiments 
reported here there was no apparently template independent 


synthesis during the time course under observation. 


D. Characterization of the DNA Polymerase Product of 
the S Factor Template 


(i) Nucleotide composition of the product 


The template present with S factor was copied with DNA 
polymerase in the presence of various combinations of dNTPs. 
The results are shown in Table XI. The only dNTPs which 
appeared to be required or incorporated were dATP and TTP. 
Synthesis did occur when all four dNTPs were present but no 


incorporation of [!*C]jdCTP was detectable. 
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INCORPORATION (nmoles dNMP/ml) 


TIME (hr) 


PIGURE 28. Comparison of Synthesis Using Exogenous Templates 
and an Apparently de novo Reaction. Synthesis was monitored 
by the incorporation of [3H]TTP in the standard reaction 
with tRNA present in all cases. Templates were added as 
follows: circles, 90.1 A260 polyj[ d{A-T) ed {(A-T) ]; squares, 2.9 
ug/ml Fraction 6; open triangles, 0.58 ug/ml Fraction 6; 
closed triangles, none. 
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TABLE XI 


Nucleotide Composition of Product 


aGNMP Incorporation DNA2 3 
(nmoles/mi) 2 Synthesis 
Conditions! [3H]TMP [14C JGCMP (nnoles/nml) 
{[ 7H]JTTP, dATP 0 = 0 
G22 8260 97 = - 
poly[{d(A-T) ed (A-T) ] 
+[ 3H]TTP, dATP 
Fraction 6 (20 ug/ml) 
+[ 3H]TTP, GATP 33 ~ 66 
#[ 3HJTTP, [24*C]dCTP, 
datP, dGTP 29 0 60 
+{ 3H ]TTP ) - 0 
+[3H]TTP, aCcTP 0 - 0 
+{ 3H]TTP, dGTP 0 - 0 
+[14C]dCTP, TTP, 
dGTP, dATP . — 0 60 


ao eee ee ee ee ee ee ee ew a we we a ww ee 8 8 8 8 2 2. 2 2 Ee 


1A11 conditions included DNA polymerase at the 
concentrations. All dNTPs were at 0.2 mM. 

2Al11 values were measured at 2 hours. 

3Values determined by fluorescence assay. 

4No synthesis occurred during 6 hours. 
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(ii) Physical characteristics of the product 


The product was compared to authentic poly[d(A-T) ed (A- 
T) ] in terms of its physical characteristics. Four methods 
were used: 

a). Buoyant density. The buoyant densities in CsCl were 

compared for the products copied from the Fraction 5 

template and from authentic poly[{d(A-T) ed(A-T) ] under 

the usual conditions with 0.5 A260 present. fhe 
products were labelled with [!4C]TTP and |3H]dATP. The 
extent of synthesis was determined by the fluorescence 
method. The reaction was stopped after 3.5 hours for 

the authentic poly[{d(A-T)*d(A-T) ] template and 6.5 

hours for the Fraction 5 template. The resulting 

material was added directly to neutral and alkaline 

CsCl solutions and centrifuged as indicated in Figure 

29. There was no separation of 3H- and !4#C-labels 

either in alkaline or neutral gradients. The buoyant 

densities of the product made from the Fraction 5 

template corresponded to those seen for the authentic 

poly{ d(A-T)ed(A-T) ] template in both gradients. The 
sharpness of the bands seen in the gradients suggested 
that the material was of high molecular weight. Another 
experiment in which tRNA was absent resulted in a broad 
band of material from the Fraction 5 template. This 
band centered at the density of the authentic poly[ d(A- 


T) ed(A-T) ] in both alkaline and neutral gradients. 
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FIGURE 29. CsCl Density Gradient Centrifugation of Poly[{d(A- 
T)ed(A-T) ] and the Product of the Fraction 5 Template. The 
polymers were synthesized using 4 ug/ml Fraction 5 or 0.01 
A260 authentic poly[d(A-T)ed(A-T) ] as templates. The neutral 
CsCl solutions contained 20 mM Tris-Cl (pH 8) - 1 mM EDTA 
and CsCl to a density of 1.658 g/cm3. The alkaline solutions 
contained 50 mM NaOH - 1 mM EDTA and CsCl to a density of 
1.725 g/cm. The solutions were centrifuged in a fixed angle 
Ti 50 rotor at 38,000 rpm for 88 hours at 20°. Fractions of 
0.2 ml were pumped from the bottoms of the tubes. Aliquots 
of 50 ul were removed from each fraction to determine TCA- 
insoluble cpm. Densities were determined refractometrically. 
Polymer copied from the Fraction 5 template: (a) neutral, 
(c) alkaline gradients; polymer copied from authentic 
poly[{d(A-T) #d(A-T) ]: (b) neutral, (d) alkaline gradients. 
The arrows indicate the buoyant densities expected for 
poly{d(A)e(T)] (Wells and Blair, 1967). Circles, total acid 
insoluble cpm; squares, buoyant density; triangles, ratio of 
[ 14C ]TMP/[ 3H JGAMP. 
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b). Temperature-absorbance profiles. The Tm's were 
compared for the products of the Fraction 6 template 
and the authentic polyf{d(A-T) ed (A-T) ] template. The two 
products were prepared in the usual way with tRNA 
present and were isolated after 4.5 hour of synthesis. 
For one polymer the template was 0.01 A260 of authentic 
poly{d(A-T)ed(A-T) ]; for the other 0.6 ug/ml of 
Fraction 6 protein. The Tm's were measured in 5 oM 
potassium phosphate (pH 6.8) - 0.1 M EDTA - 0.1 M Nacl. 
The polymers had identical melting curves each with a 
Tm of 63° and a total of 50% hyperchromicity. 

c). Molecular weight. The molecular weight of a sample 
of the Fraction 6 product prepared above was determined 
by alkaline and neutral sedimentation velocity (Chapter 
II). The product had single- and double-stranded 
molecular weights of 98,000 and 138,000 respectively. 
This indicated a double-stranded product probably 
having “hairpin” structures. 

d). Clc DNA content. The percentage of clc DNA was 90- 
100% for products of the Fraction 6 template and 
authentic poly{d(A-T)ed(A-T) ].. This is to be expected 
for a completely self-complementary polynucleotide like 


poly{ d(A-T) ed (A-T) ] (Morgan and Paetkau, 1972) 


These results taken together suggested that the product 
of the template in S factor fractions was a high molecular 


weight product which was physically indistinguishable from 
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authentic poly[d (A-T) ed (A-T) }. 


(iii) Nearest neighbour analysis of the product 


Samples of the same polymers used for the Tm 
determinations were subjected to formic acid-diphenylamine 
depurination and degradation, followed by paper 
electrophoresis (Chapter II). Half of each degraded sample 
was treated with bacterial alkaline phophatase. The results, 
shown in Figure 30 were the same for both polymers. Without 
alkaline phosphatase treatment, essentially ali the labelled 
material migrated to the position expected for 3',5!- 
thymidine diphosphate. Partial digestion with alkaline 
phosphatase converted all the labelled material to a mixture 
of thymidine and thymidine monophosphate. If the product of 
the Fraction 6 template had contained random sequences of T 
and dA, the degradation would have yielded fragments of 
oligo{d(T) ] bearing 5'- and 3'-phosphoryl groups. Such 
fragments would not migrate as thymidine diphosphates before 
alkaline phosphatase treatment nor as thymidine and 
thymidine» wonapkosphate after partial phosphatase treatment. 
These results confirmed that the product of the Fraction 6 


template was a strictly alternating copolymer of dA and T. 


Ez Characterization of the Template in S Factor 
Fractions 


(i) Stability in alkali and pronase 
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FIGURE 30. Electrophoresis of Depurinated and Degraded 
Poly{d(A-T)ed(A-T) ] and the Product of the Fraction 6 
Template. Depurination, degradation, alkaline phosphatase 
treatment, and electrophoresis (Chapter II) were performed 
On (a) 0.17 A260 units of authentic poly{d(A-T)ed(A-T)] and 
(b) 0.10 A260 units of the product of the Fraction 6 
template. Samples were subjected to paper electrophoresis 
with 0.1 M sodium citrate (pH 4.15) - 1 mM EDTA buffer at 
1900; -¥ for 1.5 hovers at 22°. The. Jabel bed components were 
located as described in Chapter II. The migration positions 
of unlabelled marker compounds are indicated. Circles inno 
alkaline phosphatase treatmeat; triangles, partial alkaline 
phosphatase digestion. 
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A sample containing 40-50 ug/ml Fraction 5 protein in 
buffer H (20 mM Tris-Cl (pH 8) 1 mM EDTA ) was made 0.3 N in 
KOH and incubated at 37° for 19 hours. Aliquots were removed 
at various times during the incubation, neutralized with 
acetic acid, then boiled for 2 minutes. The aliquots were 
added to the usual synthesis mixtures. The extent of 
Synthesis was determined by incorporation of [3H]TTP. The 
results are shown in Figure 31. Under the conditions of 
alkali treatment used here, RNA should have been hydrolyzed 
and protein denatured. The inactivation of proteins was 
evident in the change in the kinetics of Synthesis - the lag 
period increased, presumably because of the destruction of 
endogenous nucleases. However, the template for polyfd(A- 
T)ed (A-T) ] synthesis persisted. In a separate experiment it 


was shown that the synthesized material was 95-100% clc DNA. 


A sample containing 40-50 ug/ml Fraction 5 protein and 
1 mg/ml pronase was incubated at 40° for 4 hours. The sample 
was then boiled for 3 minutes. Template activity was tested 
in the usual way and monitored by incorporation of [ sH}TTP. 
The results are shown in Figure 32. Template activity was 
Still present after the pronase treatment. The destruction 
of nucleases was again evident from the extended lag phase, 
the greater extent of synthesis, and the absence of rapid 


degradation of the product. 


The resistance of the template activity to alkaline 


hydrolysis and pronase digestion suggested that it resides 
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PIGURE 31. Effect of Alkaline Hydrolysis on the Fraction 5 
Template. Alkaline hydrolysis was performed as indicated in 
the text. Neutralized and boiled aliquots were diluted 1/10 
into a synthesis mixture containing [3H]TTP. The numbers in 
parentheses represent the hours of exposure to alkali before 
the aliquot was removed for synthesis testing. 
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FIGURE 32.Effect of Pronase on the Fraction 5 Template. 
Fraction 5 was incubated with pronase and then tested £Or 
template activity in the usual way. Closed symbol, untreated 
Fraction 5 at 25 ug/ml. Open symbols, pronase-treated 
Fraction’ 5 diluted (1/10, circles; 1/50, Squares) into the 
Synthesis mixture. 
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in an oligodeoxynucleotide. 


(1i) Effect of nucleases on the template 


The persistence of the poly[{d(A-T)ed(A-T) ] template 
activity in S factor fractions after magnesium-dependent 
autolyses (Chapters II and IV) suggested a resistance to 
endogenous nucleases. To test this further, a sample 
containing 30-35 mg/ml Fraction 5 was Subjected to the 
second autolysis but for a longer period of time. Samples 
taken at various times during the autolysis were boiled for 
3 minutes then tested for template activity in the usual 
way. The results are shown in Table XII. Exogenous poly[d(A- 
Tyed(aA-f) ] at’ 0.15 A260 in a parallel sample was rendered 
more than 90% acid-soluble by 5 hours. However, the template 


in Fraction 5 was not significantly altered. 


The effects on the template of various exogenous 
nucleases were tested: 
a)- Exonuclease III. A sample containing 1.6 ng/ml 
Fraction 6, 50-100 units/ml exonuclease III and 4 aM 
Magnesium chloride was incubated at 30° for 3 hours. 
Aliquots taken at various times were boiled for 3 
minutes and tested for template activity. The results 
are shown in Table XII. Exogenous [3H-T ]polyf d(a- 
T) ed(A-T) ] at 0.25 A260 in a parailel sample was 
degraded more than 90% in 0.25 hours. The template 


activity of Fraction 6 was essentially unchanged. 
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TABLE XII 


Nuclease Sensitivity of the Poly[{d(A-T) ed (A-T) ] Template 


Lag 
Template Treatment Time 
Nuclease Source Time (hr) Synthesist (hr) 
Endogenous Fraction 5 0 50.0 2 
(autolysis) (1/10) 2 es ere 2s 
320 45.3 2 
ae0 36.2 2 
Exonuclease IIiI Fraction 6 0 sec 4 1 
(1/10) 0.75 2833 2 
Zl 3.3 2 
345 31.0 2 
DNase I Fraction 6 320 40.2 4 <1 
(1710) 
DNase I + venom Fraction 6 3.90 woe & <1 
phosphodiesterase (1/10) 
None®é Fraction 6 320 3S. tet <1 
(1710) 
DNase I + venom Fraction 6A Sio0 0 5 >8 
Phosphodiesterase (1/10) 
(after alkali) 
None®é Fraction 6A 3.90 40.3 § 3-4 


(after alkali) (1/10) 


tIncorporation of dNMP (nmoles/ml) . 

2Dilution of treated sample into synthesis mixture. 
3Incorporation at 6 hours. 

*Incorporation at 4 hours. 

SIncorporation at 8 hours. 

®Samples were treated exactly as the parallel nuclease- 
treated sample except for the addition of nuclease. 
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b).- DNase I and venom phosphodiesterase. Fraction 6 at 
2 mg/ml of protein was incubated at 37° with 5 mM 
magnesium chloride and 5 ug/ml pancreatic DNase I or 5 
ug/ml DNase I plus 50 ug/ml venom phosphodiesterase. In 
the latter case, an equivalent amount of fresh venon 
phosphodiesterase was added at 1.5 hours. After 3 
hours, EDTA was added to 10 mM and the Samples were 
boiled for 2 minutes before adding to the standard 
Synthesis mixture. A parallel sample to which no 
nucleases had been added was also tested. The results 
are shown in Table XII. In a separate experiment it was 
determined that 0.25 A260 [ 3H-T]polyf{ d(A-T) ed (A-T) ] was 
degraded to 90% in 2 hours by the DNase I alone at the 
above concentration while the DNase I - venom 
phosphodiesterase combination resulted in more than 90% 
degradation in 0.25 hours. There was, however, little 


alteration in the template activity of Fraction 6. 


The resistance of the template activity to nucleolytic 
attack suggested that it was protected, perhaps by binding 
to proteins such as S factor. Therefore alkali pretreatment 
was used to denature the protein before nuclease treatment. 
A sample of Fraction 6A containing 260 ug/ml of protein in 
buffer H was made 0.3 N in KOH and incubated for 17 hours at 
37°. The sample was neutralized and adjusted to pH 8 with 
acetic acid. Nuclease treatment was then performed exactly 


as before with DNase I and venom phosphodiesterase. A 
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parallel alkali-treated sample had no nuclease added. The 
reactions were stopped by the addtion of EDTA to 10 mM and 
boiling for 2 minutes before testing for poly[{d (A-T) ed (A-T) ] 
Synthesis. The results are shown in Table XII. The nuclease- 
treated material showed no incorporation during 8 hours of 
incubation. A similar result was obtained when nucleases 
were removed before the synthesis test by extraction with 
0-5 volumes of Chloroform:isoamyl alcohol (24:1). The 
denaturation of protein by the KOH treatment appeared to 
render the Fraction 6A template susceptible to nucleolytic 


attack. 


Taken together these resuits indicate that the template 
is an oligodeoxynucleotide which is sensitive to nuclease 


action only after the removal of protecting proteins. 


F. Association of the Poly[d(A-T) ed (A-T) ] Template with 


S Factor 


S factor activity and the template activity co- 
chromatograph on G-75 Sephadex and remain associated even in 
a urea-LiCl-CsCl density gradient (Figures 15, 20; Chapter 
IV). The template activity of Fraction 9 (0.28 ug 
protein/ml), consisting of at least 90% S factor (Chapter 
IV), was compared to that of Fraction 6 (2.9 ug protein/ml). 
Synthesis was monitored by the incorporation of [3H]TTP. The 
incorporation after 8 hours was 225 nmoles total adNMP for 


Fraction 9 and 280 nmoles total dNMP for the Fraction 6 
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template. These results suggested that the template was 


strongly associated with S factor itself. 
G. Poly[{d (A-T) ed (A-T) ] Template Activity in Natural DNA 


The capacity of natural DNAs to serve as templates for 
poly{d(A-T) ed(A-T) ] synthesis was tested in the usual way 
with tRNA present. Templates were provided by native and 
denatured E, coli , T7, and calf thymus DNAS at 0.1 A260. 
The templates were denatured by boiling for 2 minutes 
followed by rapid cooling in ice. In all cases there was no 
decrease in the lag period seen with the DNA polymerase 
alone, i-e., these DNAs had no template activity for 


poly[{d(A-T) ed (A-T) ] synthesis. 


IV Discussion 


The crude fraction, DIII has been found to contain 
apparent templates for the DNA polymerase-mediated synthesis 
of DNA polymers resembling poly[{d (G) ed (C) ] or 
polypyrimidineepolypurines. Evidence for this conclusion 
about their composition comes from the buoyant density of 
one such polymer in neutral CsCl but especially from the 
transcription to poly[{r(G) ] by RNA polymerase. This reaction 
is known to occur in the presence of DNAS having only dcmMP 
or dCMP and TMP residues in one strand (Paetkau et al. , 
1972). The kinetics of the reaction reflect the frequency of 


TMP residues. The transcription to poly[r(C)] is indicative 
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of dGMP tracts. 


The template in S$ factor preparation has been more 
completely characterized. The template itself is stable to 
alkali and pronase. It is sensitive to nucieolytic attack 
but only after deproteinization. The template therefore 
appears to be an oligodeoxynucleotide. It is very firmly 
bound to S factor and has probably been preserved through 
thiS association. The product copied from this template is 
indistinguishable from authentic poly{d(A-T)*d(A-T) ] in its 
physical properties and nucleotide sequence. The sequence 
was confirmed by nearest neighbour analysis using a formic 


acid-diphenylamine degradation. 


The apparently de novo synthesis of poly[d(A-T) ed(A-T) ] 
or poly{d(G)ed(C)] has been assumed to require no template 


(Schachman et al. , 1960; Radding et al 


, 1962; Kornberg et 
al. , 1964; Burd and Wells, 1970). Models for the de novo 
production of high molecular weight polymers have usually 
involved, as a first step, the random or specific synthesis 
of oligomers which are favoured as templates (Kornberg et 
al. , 1964; Burd and Wells, 1970). The high molecular weight 
polymer is then generated through copying the oligomers by 
the reiterative mechanism or the staggered mechanism (Figure 
2, Chapter I). Burd and Wells (1970) observed that the Ma 
luteus polymerase also performed a de novo Synthesis 


producing a mixture of poly{ d(A-T) ed (A-T) ] and 


poly{d(A)ed(T) ]. The proportion of each polymer in the 
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mixture depended on the precise reaction conditions. 


The apparently de novo synthesis could be due to 
copying of DNA fragments associated with the polymerase. It 
is significant that highly purified E. coli DNA polymerase 
does not produce poly{[d(G)ed(C)] de novo (Burd and Wells, 
1970) . Octanucleotides of Oligo[d(A-T)] will serve as 
templates for poly{d(A-T)*d(A-T) ] synthesis after a lag 
period (Kornberg et al. , 1964). Small numbers of very short 
Fragments could readily serve as templates but might escape 
detection unless amplified by copying. The templates in the 


DITI and S factor fractions may represent such fragments. 


The origin of these templates is difficult to assess 
directly. A poly[{d(A-T) ed (A-Tf) ] template capacity of bulk E. 
coli DNA was undetectable, confirming the result of Kornberg 
et al. (1964). The value determined for the DNA content of 
Fraction 6A can be used to obtain a minimum estimate of 3 
segments of 8 or more dAMP and TMP residues per E. coli cell 
assuming complete recovery. A similar estimate for DIII may 
be at least tenfold higher. These estimates are well within 
the range of the numbers that could arise by random 
assortment of the bases. A high affinity of certain DNA 
metabolizing proteins for the oligomers could result in the 
selection and preservation of particular sequences during 
the isolation of the proteins. The template for polyf{d(A- 
T)ed(A-T) ] may be associated with DNA polymerase as well as 


being bound and protected by S factor. The DIII fraction 
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comes from an RNA polymerase preparation. Considering the 
correlation between polypyrimidineepolypurine DNA segments 
and RNA transcription (Chapter I), it is possible that the 
DIIt templates at one time were associated with RNA 
polymerase. The irreproducibility of the product composition 
may reflect the actual composition of the fragments or a 
random favouring of one sort of template by the DNA 
polymerase. The association of certain proteins with 
specific sequences in DNA may be an indication of preferred 


binding sites for the proteins. 


Obviously many questions about these templates are left 
Open. The template activity in DIII requires complete 
Characterization with respect to the nature of the 
template(s) and the composition of its products. It is 
unusual that polypyimidineepolypurine DNA or poly[d(G) ed (C) ] 
Should have clc DNA content (Chapter TIt). Nearest neighbour 
analyses with [alpha-32P]dNTPs may clarify this. It may be 
possible to analyze the DIII for oligopyrimidine DNA by 
fractionating for size and composition on DEAE-cellulose 


columns (Cerny et al. , 1968). 


The stability of the association between the poly[d(a- 
T)ed (A-T) ] template and S factor raises the possibility, 
however unlikely, of a covalent linkage. One way to test 
this would be to heat the complex in Sarkosyl then 
centrifuge in a CsCl density gradient. The DNA would be 


detectable by its template activity and the protein by its 
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SDS gel electrophoresis pattern or its activity. If the bond 


is covalent, the DNA and protein would band together. 


Binding of high molecular weight poly[{d (A-T) ed (A-T) ] by 
S factor was not demonstrable (Chapter IV). This may be 
largely a problem of the size of the poly[{d(A-T) ed (A-T) }. 
Binding of oligo{d(A-T) ] by s factor might be tested using 
labelled oligo{d(A-T)] of defined size. If bound the 
oligomer should co-chromatograph with S factor of G-75 or G- 
100 Sephadex and be protected from nucleases. The optimal 
size for binding may give an indication of the size of the 
template as isolated with S factor. The binding of 
oligo[d(A-T)] by other DNA metabolizing proteins might also 


be tested in this way. 
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CHAPTER VI 


SUMMARY AND DISCUSSION 


Clc DNA accumulates in the defined DNAs polyf{ d(T- 
G)ed (C-A) J] and poly[ d(T-T-G) ed (C-A~A) ] Synthesized in vitro 
in the absence of S$ factor activity. Cle structures are 
detectable by an ethidium bromide assay Specific for double- 
stranded DNA and by alkaline Cscl equilibrium 
centrifugation. A  non-cle poly{ d(T-T-G) ed (C-A-A) ] has been 
prepared from a clc polymer by copying the unlinked 
complementary strands after their physical separation fron 


clc strands in an alkaline cesium sulfate density gradient. 


The introduction of incorrect sequences into polymers 
prepared in the presence of crude S factor. fractions or DIII 
is a problem especially with poly[{ d(T-T-G) ed (C-A-A) ] since 
it is copied less efficiently than poly[{d(T-G)ed(c-A)]. 5s 
factor fractions may result in poly[{d(A-T) ed (A-T) ] 
synthesis; DIIiIi in polypyrimidineepolypurine DNA or 
poly{d(T,G)ed(C,A) ] synthesis. Methods that have been used 
for the detection of anomalous sequences include 
transcription by RNA polymerase, density gradient 
centrifugation, Tm, and deoxynucleotide ratios. Incorrect 


sequences are best avoided by the use of highly purified 
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components in the synthesis mixture. 


A protein, S factor, has been purified which reduces 
the production of cle sequences during the in vitro copying 
of the defined DNAs poly[{d(T-G)ed(c-A)] and polyf{da(t-t- 
G)ed(C-A-A) J], and the natural DNA PM2 RFII. Clc DNA is 
thought to arise either by the polymerase switching strands 
to copy the displaced strand (Schildkraut et al. , 1964) or 
its turning around to copy the newly made strand (Harwood 
and Wells, 1970). It has been suggested that S factor acts 
by binding to the displaced strand to prevent strand 
Switching or reversal by the polymerase (Flintoff and 
Paetkau, 1974). These models are illustrated in Figure 23 
(Chapter IV). In the case of the circular DNA, PM2 RFII, the 
reduction in clc DNA is neither immediate nor complete. A 
model has been proposed as a possible explanation of 5S 


factor's action on PM2 DNA (Figure 23, Chapter IV). 


S factor does not affect repair synthesis of single- 
stranded DNA nor does it have a proteolytic effect on DNA 
polymerase. The S_ protein has a molecular weight of 9500- 
12,000 on SDS gel electrophoresis and an apparent molecular 


weight of 24,000-26,000 on G-75 Sephadex. 


The purification of S factor is complicated by its 
association with a template for poly[d(A-f)ed(A-T) ]. The 
template is not eliminated by mild denaturing conditions. It 


appears to be firmly bound to S factor. Binding of high 
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molecular weight poly[{d(A-T)ed(A-T) j] by S factor was not 


detectable. 


Fractions used as sources of S$ factor contain templates 
for the synthesis of unusual DNAs. DIII contains template 
activities for polymers resembling polypyrimidineepolypurine 
DNA or poly{[d(G)ed(C) ]. S factor fractions contain a 
template for synthesis of a DNA which was identified as 
poly{d(a-T) ed(A-T) ] by physical and chemical means. The 
template, stable to alkali and pronase, is an 
oligodeoxynucleotide and appears to be bound to and 
protected by S factor. It is sensitive to nucleolytic attack 


only after deproteinization. 


Defined DNAs have been used extensively in this work. 
Their DNA-like properties and chemically defined sequences 
make them useful model substrates for DNA polymerase and 
other DNA metabolizing proteins. However, it is necessary to 
be aware of some of the problems associated with their 
polymerase-mediated synthesis = in particular, the 
accumulation of incorrect sequences sometimes to the almost 
complete exclusion of the proper sequences. Nearest 
neighbour analysis would be the least ambiguous single test 
for sequence. Combinations of several of the other 
techniques described here (Chapter III) are necessary to 


characterize the polymers. 


The defined DNA, poly{d(T-G) ed (C-A) ], has been 
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especially useful as a substrate for S factor. However, S 
factor's activity is not limited to defined DNAs. It is also 
effective with natural DNAs from £&. coli (Flintoff and 
Paetkau, 1974) and PM2. There is little evidence that clc 
structures are produced in replicating DNA in vivo (Chapter 
I). The potential lethality of persistent clc DNA suggests 
that there is some specific mechanism either to remove clc 
structures or to prevent them from forming. The observation 
that, without S factor, the in vitro copying of natural DNAs 
EFOm’ *BS" subtilis, )'T7/ Be colts (schildkrautcet tales, 1964; 
Coulter et al. , 1974), and PM2 leads to rapidly renaturable 
DNA indicates an incomplete reconstitution of the in vivo 
replication mechanism. The connection between S$ factor's 
action in vitro and the absence of clc DNA in vivo is an 
obvious one but as yet there is no evidence that S factor 
serves this function in vivo . It is suggested in Chapter IV 
that cells permeable to antibodies might be useful for 
determining the in vivo function of S factor. This might 


also be tested in a concentrated bacterial lysate on 


cellophane membrane discs (Schaller et al. , 1972). 


The occurrence of template activities in DIII and S 
factor fractions has been of interest in light of their 
association with DNA metabolizing proteins and their 
possible role as templates for the apparently de novo 
reactions of DNA polymerase. The unusual sequences of these 


templates and their preservation suggests there has been a 
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selection for them perhaps through their association with 
specific proteins. There is evidence that some proteins 
recognize specific sequences in DNA. For example, dA-T rich 
DNA may be involved in binding of the lactose repressor and 
RNA polymerase (Lin and Riggs, 1970; Heyden et al. , 1972; 
LeTalaer and Jeanteur, 1971; Jones and Berg, 1966). 
Polypyrimidine tracts are correlated with the asymmetry of 
transcription (Summers and Szybalski, 1968; Champoux and 
Hogness, 1972). The selection and preservation of the 


templates in S factor and DIII may reflect such recognition. 


The use of in vitro synthesizing systems as models for 
DNA replication is intended to provide some clues to the 
mechanisms of replication in vivo . These clues are often 
found in the nature of the components required to approach a 
reconstitution of the in vivo system. In the present work a 
protein has been studied whose addition to synthesis 
mixtures results in DNAs that resemble DNA produced in vivo 
in terms of the physical separability of the complementary 
strands. The unusual templates found associated with the DNA 
metabolizing proteins may represent isolated binding sites 
for these proteins. There is no evidence as to the exact in 
Vivo “Significance of cle DNA, S factor, or the small 


templates. However, a search for such evidence provides a 


direction for future work in this area. 
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